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ABSTRACT 


This  document  is  published  in  support  of  Military  Specification 
MIL-F-8785B,  "Flying  Qualities  of  Piloted  Airplanes."  It  was  compiled  after 
an  extensive  literature  review  and  many  meetings  and  discussions  with  personnel 
from  essentially  all  concerned  civilian  and  governmental  organizations.  The 
primary  purpose  is  to  explain  the  concept  and  philosophy  underlying  MIL-F-8785B 
and  to  present  some  of  the  data  and  arguments  upon  which  the  requirements  were 
based. 


A  secondary  purpose  is  to  present  what  are  believed  to  be  the  important 
governing  variables  in  the  field  of  flying  qualities  and  to  define  their 
significance  and  relationship  to  each  other.  The  significance  of  such  mission- 
oriented  factors  as  airplane  class,  flight  phase,  flight  condition,  loading 
and  configuration  is  discussed,  as  is  the  treatment  of  failure  states.  The 
document  should  also,  to  a  degree,  serve  as  a  summary  of  the  state  of  the 
flying  qualities  art  as  determined  from  operational  experience,  flight  test, 
experiment,  analysis  and  theory. 
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Symbols 


LIST  OF  SYMBOLS  AND  ABBREVIATIONS 


Wing  span,  ft 

Mean  aerodynamic  chord,  ft 

Residue  of  Dutch  roll  mode  for  sideslip  response  to  step 
aileron  input 

Residue  of  roll  mode  for  sideslip  response  to  step  aileron  input 

Residue  of  spiral  mode  for  sideslip  response  to  step  aileron 
input 

Constant  term  in  time  solution  for  sideslip  response  to  step 
aileron  input 

Reciprocal  of  cycles  to  damp  to  half  amplitude 

Generalized  discrete  gust  length  (always  positive),?^  *  (ft) 

Aerodynamic  drag,  parallel  to  flight  path,  lb 

Elevator  control  force,  applied  by  pilot,  lb 

Gradient  of  steady-state  elevator  control  force  versus  n  at 
constant  speed,  lb/g 

Aileron  stick  force,  lb 

Aileron  wheel  force,  lb 

i 

Net  elevator  control  force  (lb),  FCi  »  Fs  -(F%). 

That  portion  of  Ft  which  is  needed  to  balance  control  system 
moments  caused  by  feedback  of  airplane  responses  to  the  stick 
e.g.  ,  Km  ,  Ku.  (F% )6*0  for  airplanes  without  or  control 
system  mass  unbalance 

That  portion  of  Ft/n  contributed  by  or  control  system  mass 
unbalance 


(Ft/x)fS  That  portion  F,/n  contributed  by  feel  springs,  Ms,  ,  or  other  devices 
generating  forces  which  are  proportional  to  Ss  only: 

=  (Ft/«)-(FJn)b 

* 

Additional  and  more  detailed  definitions  are  given  in  Section  6.2  of  MIL-F-8785B 

xiii 


Symbols 

(Fa/»)ntn  The  minimum  value  of  the  amplitude  ratio  |^A|  ,  measured  from 
an  inverted  frequency  response  of  • 

2 

3  Acceleration  of  gravity,  ft/sec 

h  Height  above  ground  level  (AGL)  or  above  mean  sea  level  (MSL) ,  ft 

hmA%  Maximum  service  altitude,  ft 

h0  Maximum  operational  altitude,  ft 

h„m/n  Minimum  operational  altitude,  ft 

H  Elevator  hinge  moment,  ft- lb 


HAe  Gradient  of  H  with  oce 

HS'  Gradient  of  H  with  St 

Hg  Gradient  of  H  with  Se 

2 

, I y ,  Moments  of  inertia  about  x,  y,  and  z  axes,  respectively,  slug-ft 

2 

Product  of  inertia,  slug-ft 

i 

A  Ratio  of  "commanded  roll  performance"  to  "applicable  roll 

performance  requirement"  of  3.3.4  or  3.3.4. 1,  where: 


*4 


(a)  "Applicable  roll  performance  requirement," 

(0,)  .  .  ,  is  determined  from  3.3.4  and  3. 3.4.1 

requirement' 

for  the  Class,  Flight  Phase  Category  and  Level  under 
consideration. 


(b)  "Commanded  roll  performance,"  C ) conunan<j »  is  the  bank 

angle  attained  in  the  stated  time  for  a  given  step 
aileron  command  with  rudder  pedals  employed  as  specified 
in  3.3.4  and  3. 3. 4. 1 . 


A  rz 


<+t) 


command 


requirement 


Residue  of  Dutch  roll  mode  for  roll  rate  response  to  step  aileron 
input 
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Symbols 


Mi 


Mr 


=  -J-  U,  9,  f  .  S, 

Ty  dl 

-  $£-  M- 
Fs  Se 

Normal  acceleration  or  normal  load  factor,  measured  at  the  c.g., 
g’s 


n/oc  The  steady-state  normal  acceleration  change  per  unit  change  in 

angle  of  attack  for  an  incremental  elevator  deflection  at  constant 
speed  (airspeed  and  Mach  number),  g 's/rad 

Load  factor  normal  to  the  flight  path,  measured  at  the  c.g.,g's 

nL  Symmetrical  flight  limit  load  factor  for  a  given  Airplane  Normal 

State,  based  on  structural  considerations 


Maximum  and  minimum  Service  load  factors 

rn4L  x  *  mtn 


nl+),  m-)  For  a  given  altitude,  the  upper  and  lower  boundaries  of  n  in  the 
V-n  diagrams  depicting  the  Service  Flight  Envelope 

w  ,  nB  Maximum  and  minimum  Operational  load  factors 

ftWX  0k tit 

rigk),  val-)  For  a  given  altitude,  the  upper  and  lower  boundaries  of  n  in  the 
V-n  diagrams  depicting  the  Operational  Flight  Envelope 


A / 


Yawing  moment  about  the  z-axis,  including  thrust  effects,  ft-lb 
di 


-  Y~  —■  >  t  --ftft  •  SA9  •  8*,  •  P>  r 


J*T>. 


-1 


•  t  ~  ft>  ft,  8.,  >  8Kf  r  p,  r 


Roll  rate  about  the  x-axis 

Amplitude  of  roll  rate  response  at  Dutch  roll  peaks  for  step 
aileron  input 


At 


Ay 


A  measure  of  the  ratio  of  the  oscillatory  component  of  roll  rate 
to  the  average  component  of  roll  rate  following  a  rudder-pedal s- 
free  step  aileron  control  command 


*  0.2  : 


Pi*  Pt-  2  Pi 
P  +Pj  +  2  P* 


Z,  >0.2  :  -Ai 
d  P*y 


Pl~Pi 
Pi  *  ft 


where  p,  ,  pt  and  p}  are  roll  rates  at  the  first,  second  and  third 
peaks,  respectively 
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Symbols 


Wing  tip  helix  angle,  rad 

Phase  angle  between  roll  rate  and  sideslip  in  the  free  Dutch 
roll  oscillation.  Angle  is  positive  when  -p  leads/? 


fity)  Prooability  density  of  random  variable  q 

p(rj\e)  Probability  density  of  q  conditioned  on  £ 

P(r\)  Cumulative  probability  that  q  equals  or  exceeds  a  given  value 

P  Proportion  of  time  spent  in  turbulence  at  a  given  altitude 

2 

t } .  Dynamic  pressure,  lb/ft 

c f.  Pitch  rate 

r  Yaw  rate 

s  Laplace  operator,  sec-1 

5  Wing  area,  ft2 

t  Time,  sec 

tn  Time  for  the  Dutch  roll  component  of  the  sideslip  response  to 

reach  the  nt}l  local  maximum  for  a  right  step  or  pulse  aileron- 
control  command,  or  the  n*h  local  minimum  for  a  left  command.  In 
the  event  a  step  control  input  canno?  be  accomplished,  the 
control  shall  be  moved  as  abruptly  as  practical  and,  for  purposes 
of  this  definition,  time  shall  be  measured  from  the  instant  the 
cockpit  control  deflection  passes  through  half  the  amplitude  of 
the  commanded  value.  For  pulse  inputs,  time  shall  be  measured 
from  a  point  halfway  through  the  duration  of  the  pulse. 

i/tcs  Inverse  time  constant  of  the  first-order  control-system  mode 

when  the  feel  system  dynamics  are  third  order,  sec  . 

_  (Sj/Fct)  (We,  r^r) 

Fc*(s)  *  ('*+*<0  •*  *0  T77 

Td  Damped  period  of  the  Dutch  roll,  T4  =  — — 1  •  sec 
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Symbols 


Tz 

l 

T./, 


Time  to  double  amplitude,  Tt  -  fo r  an  oscillation,  --<3.693  7 

for  a  first-order  divergence,  sec 

Reciprocal  of  time  to  damp  to  half  amplitude,  for  an 

oscillation,  =  0.693^or  a  first-order  convergence,  sec-1 

A 

Inverse  time  constant  of  first-order  representation  of  elevator- 
servo  dynamics,  sec"1 


Inverse  time  constants  of  feedback  zero  caused  by  bobweights  or 
,  when  the  zero  is  not  complex,  sec'1 


Lowest- frequency  zero  of  the  altitude-elevator  transfer  function 

Inverse  time  constants  of  the  constant-speed  n -to-  Se  transfer- 
function  numerator,  sec-1 


mu  ()/»)  times  the  slope  of  the  thrust  required  (for  trimmed  flight 
dV  at  constant/)  vs.  airspeed  plot 


Inverse  time  constant  of  the  constant-speed  <x-to-  6e  transfer 
function  numerator,  sec-1 


The  first-order  zero  of  the  constant-speed  attitude-elevator 
transfer  function,  sec’1 


u  Incremental  velocity  along  the  x  reference  axis,  ft/sec 


Uj  Random  gust  velocity  along  the  x  body  axis,  ft/sec 

v  Incremental  velocity  along  the  y  reference  axis,  ft/sec 

irm  Generalized  discrete  gust  velocity,  positive  along  the  positive 

airplane  body  axes,  m  «  x,  y,  7,  ft/sec 

v ■  Random  gust  velocity  along  the  y  body  axis,  ft/sec 

V  Airspeed 

vi/x>  Speed  for  maximum  lift  to  drag  ratio 

VM„r  High  speed,  level  flight,  maximum  augmented  thrust 

v**.  Maximum  service  speed 

Speed  for  maximum  endurance 


Vrtnf  Speed  for  maximum  range  in  zero  wind  conditions 
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Symbols 


l f. 


mtn 


VM*T 


*4 


V 

trim 


vo 


max 


V.  . 

0  -mtrt 
W 

v/ 

X 


Minimum  service  speed 

High  speed,  level  flight,  military  rated  thrust 
High  speed,  level  flight,  normal  rated  thrust 
Speed  for  maximum  rate  of  climb 

Stall  speed  (equivalent  airspeed),  at  1  g  normal  te  the  flight 
path,  defined  as  the  highest  of: 

-  speed  for  steady  straight  flight  at  CL  ,  the  first  local 

JllaX 

maximum  of  the  curve  of  lift  coefficient  (L/qS)  vs.  angle  of 
attack  which  occurs  as  CL  is  increased  from  zero 

-  speed  at  which  abrupt  controllable  pitching,  rolling  or  yawing 
occurs;  i.e.,  loss  of  control  about  a  single  axis 

-  speed  at  which  intolerable  buffet  or  structural  vibration  is 
encountered 

(Note  that  3. 1.9. 2.1  allows  an  alternative  definition  of  Vg  in 
some  cases.) 

Trim  speed 

Maximum  operational  speed 
Minimum  operational  speed 
Weight  of  the  airplane,  lb 

Incremental  velocity  along  the  z  reference  axis,  ft/sec 

Random  gust  velocity  along  the  z  body  axis,  ft/sec 

Body-fixed  axis  of  the  airplane,  along  the  projection  of  the 
undisturbed  (trim  or  operating-point)  velocity  onto  the  plane  of 
symmetry,  with  its  origin  at  the  c.g. 

force  along  the  x-axis v  aerodynamic  plus  thrust,  lb 

- —  ,  where  t  «  ot ,  a.  ,  u, »  9 ,  f  ,  de 

Body-fixed  axis  of  the  airplane  perpendicular  to  the  plane  of 
symmetry  directed  out  the  right  wing,  with  its  origin  at  the  c.g. 


Y  Side  force  along  the  y-axis,  aerodynamic  plus  thrust  component,  lb 


2 
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Symbols 


£ 


oc 


«e 


t  *Y  . 

mV  di  *  ‘  *  y*  t  ft  »  »  'Of/*  *  f  *  r 

Body-fixed  axis  of  the  airplane,  directed  downward  perpendicular 
to  the  x  and  y  axes,  with  its  origin  at  the  c.g. 


Force  along  z-axis,  lb 


/  ££  . 

nr  a  t  *  4  *  <*«  <*'  u» 


e,  sm 


Angle  of  attack,  the  angle  in  the  plane  of  symmetry  between  the 
fuselage  reference  line  and  the  tangent  to  the  flight  path  at  the 
airplane  center  of  gravity 


Local  angle-of-attack  of  the  horizontal  tail  (angle  between  the 
horizontal  tail  reference  line  and  the  relative  wind) 


Gradient  ofoce  with  oc 
Gradient  of  <*»  with  « 

Gradient  of  <x^  with  ^  (6) 

The  stall  angle  of  attack  at  constant  speed  for  the  configuration, 
weight,  center-of-gravity  position  and  external-store  combination 
associated  with  a  given  Airplane  Normal  State;  defined  as  the 
highest  of  the  following: 

-  Angle  of  attack  for  the  highest  steady  load  factor,  normal  to 
the  flight  path,  that  can  be  attained  at  a  given  speed  or  Mach 
number 


-  Angle  of  attack,  for  a  given  speed  or  Mach  number,  at  which 
abrupt  uncontrollable  pitching,  rolling  or  yawing  occurs,  i.e., 
loss  of  control  about  a  single  axis 

-  Angle  of  attack,  for  a  given  speed  or  Mach  number,  at  which 
intolerable  buffeting  is  encountered 


AA 


max 


y 


Sideslip  angle  at  the  center  of  gravity,  angle  between  undisturbed 
flow  and  plane  of  symmetry.  Positive,  or  right,  sideslip 
corresponds  to  incident  flow  approaching  from  the  right  side  of 
the  plane  of  symmetry 


Maximum  sideslip  excursion  at  the  c.g.,  occurring  within  two 
seconds  or  one  half-period  of  the  Dutch  roll,  whichever  is  greater, 
for  a  step  aileron-control  command 


Climb  angle,  =  sin 


vertical  speed  .  . 

true  airspeed  P0Sltlve  for  climb 


xx 


Symbols 


$/>} 

4/<J 


4/'<m 

4/6 


Used  In  combination  with  other  parameters  to  denote  a  change 
from  the  initial  value 

Aileron  surface  deflection 

Displacement  of  the  aileron  stick  along  its  path 
Displacement  of  the  aileron  wheel  along  its  path 
Elevator  surface  deflection 

Gradient  of  steady-state  <£  with  at  constant  speed 
Gradient  of  steady-state  ^  with  at  constant  speed 

Gradient  of  steady-state  with  dj,  at  constant  speed 

Rudder  surface  deflection 
Rudder  pedal  deflection,  in. 

Elevator  stick  deflection,  in. 

Gradient  of  steady-state  ^  with  ^  at  constant  speed 

Gradient  of  steady-state  with  ^  at  constant  speed 

Damping  ratio  of  the  elevator  feel  system 

Damping  ratio  of  the  Dutch  roll  oscillation 

Damping  ratio  of  the  feedback  zero  caused  by  or  control- 
system  mass  unbalance  e 

Damping  ratio  of  the  phugoid  oscillation 

Damping  ratio  of  the  roll-spiral  oscillation 

Damping  ratio  of  the  longitudinal  short -period  oscillation 

Damping  ratio  of  the  numerator  quadratic  of  the  j /f  transfer 
function 

Pitch  angle,  angle  between  the  fuselage  reference  line  and  the 
horizontal 

Turbulence  wavelength,  ft 
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Symbols 


Dutch  roll  mode  root,  where  ^  oo„  ±  j co^  </~t-  gx 

^  cl  cL 

•  “  */r. 


P 

cr 

cT 


-1 


Air  density,  slug/ft 

Real  part  of  a  complex  dynamic  root,  sec" 

WO  OQ 

Root-mean-square  gust  intensity,  where  o'**  J  $ (fl)  d SI  -  C f(nj)du) 

o  i 

Clu,0tr*°ij  Root-mean-square  intensities  of  ,v^  ,  respectively 

First-order  roll  mode  time  constant,  positive  for  a  stable  mode, 
sec 


* 


>/rA 


First-order  spiral  mode  time  constant,  positive  for  a  stable  mode, 
sec 

Zeros  of  si deslip- aileron  transfer  function 

Bank  angle  measured  in  the  y-z  plane,  between  the  y-axis  and  the 
horizontal 


Bank  angle  change  in  time*-,  in  response  to  control  deflection 
of  the  form  given  in  3.3.4 


A  measure  of  the  :  of  the  oscillatory  component  of  bank 

angle  to  the  avera„»  component  of  bank  angle  following  a  rudder- 
pedals-free  impulse  aileron  control  command 

tosc  _  Pf  +  Pj  ~  Z  02 


6  4 


0.  z 


P,  +  Ps  +  Z&j 


4  » 


where  ^  and  ^  are  bank  angles  at  the  first,  second  and 
third  peaks,  respectively 


At  any  instant,  the  ratio  of  amplitudes  of  the  bank-angle  and 
sideslip-angle  envelopes  in  the  Dutch-roll  mode 


i’w 

,} 

A,™ 


Spectrum  for  ,  where  {(a)  *  (u>)  , 

Spectrum  for  zg  ,  where  /^2/)«  , 

7  *17 

Spectrum  forz^,  where  (<*>), 


(ft/sec)2/(rad/ft.) 
(ft/sec)2/ (rad/ ft) 
(ft/sec)2/ (rad/ft) 
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Symbols 


> 


K 


Phase  angle  in  a  cosine  representation  of  the  Dutch  roll  component 
of  sideslip  -  negative  for  a  lag 

Tj  +(*-0  3t>0  (degrees) 

with  77  as  in  above 

*/> 

Angular  coordinate  of  vector  7?  in  J  plane 


Phase  angle  of  Dutch  roll  oscillation  in  roll  rate  response  to 
step  aileron  input,  deg 


u)  Temporal  frequency,  rad/sec,  where  u>  ~  fl\/ 

aJ  Imaginary  part  of  a  complex  dynamic  root,  sec 


oJj  Undamped  natural  frequency  of  the  feedback  zero  caused  by  ^ 

or  control -system  mass  unbalance,  rad/sec  * 


Undamped  natural  frequency  of  the  elevator  feel  system,  rad/sec 


aJ. 


71 


SP 


Undamped  natural  frequency  of  the  Dutch  roll  oscillation,  rad/sec 
Phugoid  undamped  natural  frequency,  rad/sec 

Undamped  natural  frequency  of  the  short -period  oscillation,  rad/sec 


uJ  Roll-spiral  undamped  natural  frequency,  rad/sec 


Undamped  natural  frequency  of  numerator  quadratic  of  fb/S  transfer 
function,  rad/sec 


TL  Longitudinal  spatial  reduced  frequency 

/  zrr  u>  'i 
(  a  =  jl  ~  v  /  •  rad/ ft 


*  > 

i 
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Abbreviations 


Above  ground  level 
Center  of  gravity 

'Hie  Napierian  logarithmic  base  (e  =  2.718...)  raised  to  the  power  indicated 


i 


AGL 
c.g. 
exp  (  ) 
MAT 

MRT 

MSL 

NRT 

R/C 

SAS 

TLF 

PR 

PIO 

C) 

(  )* 


Maximum  augmented  thrust:  maximum  thrust,  augmented  by  all  means 
available  for  the  Flight  Phase 

Military  rated  thrust,  which  is  the  maximum  thrust  at  which  the 
engine  can  be  operated  for  a  specified  period 

Mean  sea  level 

Normal  rated  thrust,  which  is  the  maximum  thrust  at  which  the 
engine  can  be  operated  continuously 

Rate  of  climb 

Stability  augmentation  system 
Thrust  for  level  flight 
Pilot  rating 

Pilot-induced  oscillation 

A  dot  above  a  symbol  signifies  the  time  derivative,  e.g.  <x  = 

A  prime  used  in  conjunction  with  Sfsp  »  */res ,  or 

i/Tes  denotes  stick-free  values  of  the  parameters  when  the  stick- 
free  and  stick-fixed  values  are  not  the  same  (e.g.  orU’j'p) . 

In  particular,  this  notation  is  used  when  bobweights  QT#cia  caused 
the  airplane  response  to  feed  back  to  the  stick,  unprimed  parameters 
denoting  values  with  the  stick-fixed  or  the  bobweight  feedback 
loop  open,  and  primed  parameters  denoting  stick-free  values  with 
the  feedback  loop  closed. 
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Section  I 


INTRODUCTION 


This  docunent  is  published  in  support  of  Military  Specification 
MIL -F- 8785 B(ASG)  "Flying  Qualities  of  Piloted  Airplanes"  as  part  of  a  three- 
year  effort  of  the  Air  Force  Flight  Dynamics  Laboratory,  with  the  contracted 
help  of  Cornell  Aeronautical  Laboratory  (CAL),  to  conduct  a  coordinated 
theoretical  and  experimental  investigation  of  airplane  flying  qualities.  The 
intent  of  this  document  is  to  explain  the  concept  and  philosophy  underlying 
M1L-F-8785B  and  to  present  some  of  the  data  and  arguments  upon  which  the 
requirements  were  based.  The  presented  material  was  obtained  or  generated 
following  an  extensive  literature  review  and  after  many  meetings  and  discussions 
with  personnel  from  essentially  all  concerned  civilian  and  governmental 
organizations. 

Section  II  outlines  the  historical  development  of  the  project. 

The  order  in  which  the  material  is  presented  in  Section  III  parallels 
that  of  MIL-F-8785B(ASG) .  The  main  subject  headings  are: 

1  Scope  and  Classification 

2  Applicable  Documents 

3.1  Requirements  -  General 

3.2  Longitudinal  Flying  Qualities 

3.3  Lateral-Directional  Flying  Qualities 

3.4  Miscellaneous  Flying  Qualities 

3.5  Characteristics  of  the  Primary  Flight  Control  System 

3.6  Characteristics  of  Secondary  Control  Systems 

3.7  Atmospheric  Disturbances 

4  Quality  Assurance  Provisions 

6  Notes 

There  is  a  general  discussion  of  each  of  these  main  subjects.  Where  appropriate, 
further  general  discussion  precedes  a  related  smaller  group  of  requirements. 

Each  paragraph  of  the  specification  is  discussed  in  sequence,  individually  or 
together  with  a  few  closely  related  paragraphs,  under  the  following  subheadings: 

Requirement 

Related  MIL- F- 8785  paragraphs 

Discussion 

A  bibliography  of  reports  which  were  collected  is  also  presented.  It 
represents  a  fairly  complete  listing  of  reports  pertaining  to  flying  qualities 
and  related  topics.  References  cited  in  this  report  are  listed  in  the  biblio¬ 
graphy. 


Appendices  are  included  which  contain  the  previous  specification, 
MIL-F-8785,  and  pertinent  supplementary  information  such  as  flight  test  and 
measurement  techniques. 


1 


Section  II 


HISTORICAL  DEVELOPMENT 


The  effort  to  revise  MIL-F-8785B(ASG)  began  on  10  January  1966  and  the 
first  round  of  meetings  with  industry  took  place  during  the  weeks  of  17  and 
31  January  1966.  The  objective  of  the  meetings  was  to  obtain  inputs  from  a 
wide  range  of  users  of  MIL-F-8785  with  regard  to  its  adequacy  as  a  design  and 
evaluation  specification,  the  consequences  of  specification  deficiencies  in 
terms  of  system  design  problems  and  adverse  effects  on  mission  capabilities, 
and  recommendation  on  revisions  needed  to  alleviate  these  problems.  The 
following  organizations  and  companies  were  represented: 

United  States  Air  Force 

Cornell  Aeronautical  Laboratory,  Inc. 

Federal  Aviation  Administration 
The  Boeing  Company/Renton 
The  Boeing  Company/Seattle 
The  Boeing  Company/ Wichita 
Douglas  Aircraft  Company,  Inc. 

General  Dynamics /Convair  Division 
General  Dynamics/Fort  Worth  Division 
Grumman  Aircraft  Engineering  Corp. 

LTV/Vought  Aeronautics  Division 
Lockheed  California  Company 
Lockheed  Georgia  Company 
Martin  Company 

McDonnell  Aircraft  Corporation 

North  American  Aviation,  Inc. /Columbus  Division 

North  American  Aviation,  Inc./ Los  Angeles  Division 

Northrop  Corporation/Norair  Division 

Republic  Aviation  Corporation 

A  library  of  reports  pertaining  to  flying  qualities  was  also  begun  in 
January  1966.  Over  six  hundred  reports  were  collected  by  Cornell  Aeronautical 
Laboratory. 

During  April  and  May  1966,  the  following  data  gathering  activities 
took  place: 

•  Air  Force  Flight  Dynamics  Laboratory-Aeronautical  Systems  Division 
flying  qualities  symposium  on  5  and  6  April  (Reference  A3). 

•  Visits  to  NASA  Langley  and  the  Naval  Air  Test  Center  at  Patuxent 
River,  Maryland  on  19  and  20  April. 

•  Visits  to  NASA  Ames  and  FRC,  AFFTC  at  Edwards  AFB,  and  Systems 
Technology,  Incorporated  on  25-29  April. 
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•  Meetings  with  the  following  control  equipment  manufacturers  on 
9,  10,  12  May: 

Bendix  Corporation 
General  Electric  Company 
'***  Honeywell,  Inc. 

*»  *  Lear  Siegler,  Inc. 

Sperry  Phoenix  Company 

The  Air  Force  also  acquired  and  worked  up  a  great  deal  of  stability  and 
control  data  on  current  airplanes  in  that  time  period. 


The  data  thus  obtained,  in  conjunction  with  considerable  analytical  work, 
formed  the  basis  for  the  first  CAL  draft  of  the  Recommendations  for  Revision 
of  MIL-F-8785(ASG) ,  which  was  submitted  to  the  Air  Force  in  March  1967.  Sub¬ 
stantiation  information  for  selected  longitudinal  and  lateral-directional 
requirements  of  the  draft  revision  was  submitted  to  the  Air  Force  in  May  1967. 
These  reports,  the  MIL-F-878S  revision  and  the  backup  documents,  were  then 
distributed  for  comments  to  all  concerned  governmental  agencies  and  all  companies 
that  had  participated  in  the  initial  meetings. 

*  Written  comments  were  received  during  1967  and  through  April  1968  from 

*  >  many  organizations  within  the  USAF  and  USN,  from  NASA,  FAA  and  AIA,  and  from 

the  following  companies: 


4»> 
*  > 


Autonetics 

Bendix  Corporation/Navigation  and  Control  Division 
Boeing  Company 

Douglas  Aircraft  Company/ Aircraft  Division 

Fairchild  Hiller/Aircraft  Division 

Fairchild  Hiller/Republic  Aviation  Division 

General  Electric  Company/Defense  Electronics  Division 

General  Dynamics /Convair  Division 

General  Dynamics/Fort  Worth  Division 

Grumman  Aircraft  Engineering  Corporation 

Honeywell,  Inc. /Aerospace  Division 

Lear  Siegler,  Inc./Astronics  Division 

Lockheed  Georgia  Company 

LTV  Aerospace  Corporation/Vought  Aeronautics  Division 
Martin-Marietta  Corporation 
McDonnell  Company 

North  American  Rockwell  Corporation/Columbus  Division 
North  American  Rockwell  Corporation/Los  Angeles  Division 
Northrop  Corporation/Norair  Division 
Sperry  Phoenix  Company 
Systems  Technology,  Inc. 


Also,  approximately  ten  review  meetings  were  held  with  the  Navy, 
Systems  Technology,  Incorporated  and  several  Air  Force  organizations  during 
4#  1967  and  through  April  1968.  In  addition,  data  gathering  trips  were  made  to 

the  Air  Force  Flight  Test  Center  and  Nellis  Air  Force  Base. 


* 
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CAL  tabulated  the  written  comments  and  notes  from  meetings,  this 
information  was  systematically  reviewed.  Each  comment  was  categorized  as  either 

(a)  valid  and  'can  be  incorporated  into  specification 

(b)  probably  valid  but  more  work  needed 

(c)  considered  to  be  invalid. 

Many  comments  were  considered  valid,  and  CAL  incorporated  them  in  one 
form  or  another  into  a  revised  draft;  of  the  Recommendations  for  Revision  of 
MIL-F-8785,  which  was  submitted  to  the  Air  Force  in  May  1968.  CAL  also  included 
a  considerable  amount  of  new  analytical  work  and  data  in  this  draft.  Those 
areas  in  which  there  is  believed  to  be  a  deficiency  in  the  requirements,  but 
which  require  more  work,  are  discussed  in  this  report,  a  preliminary  version  of 
which  was  submitted  in  June  1968.  Those  comments  which  were  considered  to  be 
invalid  often  resulted  from  lack  of  understanding  or  misinterpretation  of  the 
requirement.  In  those  cases,  an  attempt  was  made  to  clarify  and  expand  upon 
the  requirement  in  this  report. 

From  May  1968  through  July  1968,  the  Navy  and  the  Air  Force  reviewed 
the  May  1968  specification  draft  in  detail.  Detailed  changes  to  the  May  1968 
specification  draft  were  made  at  joint  Air  Force-Navy  meetings  during  the  week 
of  July  22,  1968  with  CAL  acting  in  an  advisory  capacity.  As  a  result  of  these 
meetings,  a  preliminary  version  of  MIL-F-8785B,  dated  July  1968,  was  distributed 
to  industry  for  comment  in  early  August. 

Comments  were  received  from  the  following  organizations: 

Autonetics 
Boeing  Company 

Fairchild  Hiller/Republic  Aviation  Division 
General  Dynamics /Convair  Division 
General  Dynamics/Fort  Worth  Division 
Lockheed  California  Company 
Lockheed  Georgia  Company 
Martin-Marietta  Corporation 
McDonnell  Douglas  Corporation 

McDonnell  Douglas  Corporation/Douglas  Aircraft  Division 
NASA/Langley  Research  Center 

North  American  Rockwell  Corporation/Los  Angeles  Division 
Northrop  Corporation/Norair  Division 
Sperry  Rand  Corporation/ Flight  Systems  Division 
Systems  Technology,  Inc. 

CAL  also  recommended  some  changes  during  this  time  period.  The  comments  on 
the  July  1968  draft  were  relatively  minor  compared  to  those  received  on  the 
May  1967  draft. 

The  significant  comments  from  industry  and  CAL  were  incorporated  into 
the  final  version  of  MIL-F-8785.B  at  a  joint  Air  Force-Navy  meeting  during  the 
week  of  October  7,  1968,  with  CAL  again  acting  in  an  advisory  capacity.  The 
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^  final  draft  was  finished  on  October  22,  1968.  An  Air  Force  interim  version, 

MIL-F-008785A,  to  be  used  in  lieu  of  MIL-F-8785,  was  published  October  31,  1968; 
and  the  draft  was  sent  to  the  Aeronautical  Standards  Group  by  the  Air  Force 
on  December  19,  1968. 

Following  finalization  of  the  specification,  CAL  prepared  the  complete 
draft  of  this  document,  including  significant  contributions  from  the  Air  Force 
and  Navy,  and  submitted  it  for  Air  Force  and  Navy  review  in  January  1969. 

Again,  extensive  changes  resulted.  CAL  prepared  copy  for  printing  in  June  1969. 
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STATEMENT  AND  DISCUSSION  OF  REQUIREMENTS 


L. _ SCOPE  AND  CLASSIFICATIONS 

DISCUSSION 

This  section  of  the  specification  has  been  used  to  define  a  general 
framework  which  permits  tailoring  each  requirement  according  to: 

1.  The  kind  of  airplane  (Class) 

2.  The  job  to  be  done  (Flight  Phase) 

3.  How  well  the  job  must  be  done  (Level) 

The  following  table  shows  how  these  considerations  are  associated  and 
illustrates  that  use  of  this  framework  would  permit  stating  36  different  values 
for  a  given  flying  qualities  parameter,  even  after  combining  the  Flight  ?hases 
into  three  categories.  Seldom  will  such  a  fine  breakdown  be  required,  nor  will 
there  be  sufficient  information  available  to  make  such  fine  discriminations. 
Thus  in  most  cases,  the  36  possible  requirements  are  combined  to  some  extent, 
but  not  necessarily  in  the  same  pattern  for  all  requirements.  In  other  cases, 
different  or  additional  breakdowns  are  required:  land-  or  carried-bascd 
airplanes,  or  specific  Flight  Phases. 


Framework  For  Stating  Flying  Qualities  Requirements 


Class 

Flight  Phase 
Category 

Level 

1 

2 

3 

1 

A 

B 

C 

II 

A 

B 

C 

III 

A 

B 

C 

. 

IV 

A 

B 

~TI 

t 

_ _ _ 
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The  framework  then  is  comprised  of  those  Mil.-!**-  8785B  paragraphs : 

1.3  Classification  of  airplanes 

1.4  Flight  Phase  Categories 

1.5  Levels  of  flying  qualities 

t 

In  the  following  paragraphs  each  of  these  elements  is  defined  and  discussed. 

1 . 1  SCOPE 
REQUIREMENT 

1.1  Scope.  This  specification  contains  the  requirements  for  the  flying 
qualities  of  U.S.  military  piloted  airplanes. 

RELATED  MIL-F-8785  PARAGRAPHS 


DISCUSSION 

The  scope  is  unchanged  from  that  of  MIL-F-8785.  The  requirements  are 
not  particularly  aimed  at  3uch  unconventional  aircraft  as  helicopters,  V/STQL 
or  re-entry  vehicles,  but  many  of  the  requirements  may  bo  found  to  apply  reason¬ 
ably  well  to  those  aircraft  in  specific  instances.  Separate  flying  qualities 
specifications  are  being  prepared,  also  with  the  contracted  help  of  Cornell 
Aeronautical  Laboratory,  for  V/STOL  aircraft  and  for  re-entry  vehicles. 

1.2  APPLICATION 
REQUIREMENT 

1.2  Application.  The  requirements  of  this  specification  shall  be  applied 
to  assure  that  no  limitations  on  flight  safety  or  on  the  capability  to  perform 
intended  missions  will  result  from  deficiencies  in  flying  qualities.  The 
flying  qualities  for  all  airplanes  proposed  or  contracted  for  shall  bo  in 
accordance  with  the  provisions  of  this  specification  unless  specific  deviations 
are  authorized  by  the  procuring  activity.  Additional  or  alternate  special 
requirements  may  be  specified  by  the  procuring  activity, 

RELATED  MIL-F-8785  PARAGRAPHS 

1.2 

DISCUSSION 

To  the  material  in  the  MIL-F-8785  paragraph  has  been  added  a  statement 
of  purpose.  Additional  insight  on  the  rationale  is  given  in  an  expanded 
Note  6.1: 
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"Intended  usje.  This  specification  contains  the  flying  qualities  re¬ 
quirements  7or~"pTTbted  airplanes  and  forma  one  of  the  baaea  for  determination 
by  the  procuring  activity  of  airplane  acceptability.  The  specification  aervea 
aa  deaign  requirements  and  aa  criteria  for  uae  in  atability  and  control 
calculations,  analyaia  of  wind»tunnel  teat  results,  flying  qualities  simulation 
testa,  and  flight  testing  and  evaluation.  The  requirementa  are  Intended  to 
assure  adequate  flying  qualities  regardless  of  deaign  implementation  or  flight 
control  system  mechanisation.  To  the  extent  poaaible,  this  specification  should 
be  met  by  providing  an  inherently  good  basic  airframe.  Where  that  la  not 
entirely  feasible,  or  where  inordinate  penalties  would  result,  a  mechanism  is 
provided  herein  to  assure  that  the  flight  safety,  flying  qualities  and  rellabil- 
ity  aspects  of  dependence  on  stability  augmentation  and  other  forma  of  system 
complication  will  be  considered  fully," 


l.S 


CLASSIFICATION  OF  AIRPLANES 


REQUIREMENT 

l.S  Classification  of  airplanes.  For  the  purpose  of  this  specification,  an 
airplano  shall  be  placed  in  one  of"the  following  Classes: 

Class  I  Small,  light  airplanes  such  as 
Light  utility 
Primary  trainer 
Light  observation 

Class  II  Medium  weight,  low-to-medium  maneuverability  airplanes  such  as 
Heavy  utility/search  and  rescue 
Light  or  medium  transport/cargo/tanker 

Early  warnlng/electronic  countermeasures/airborne  command, 
control,  or  communications  relay 
Antisubmarine 
Assault  transport 
Reconnaissance 
Tactical  bomber 
Heavy  attack 
Trainer  for  Class  II 


Class  III  Large,  heavy,  low-to-medium  maneuverability  airplanes  such  as 
Heavy  transport/cargo/tanker 
Heavy  bomber 

Patrol/early  waming/electronic  countermeasures/airborne  command, 
control,  or  communications  relay 
Trainer  for  Class  III 

Class  IV  High-maneuverability  airplanes  such  as 
Fighter/interceptor 
Attack 

Tactical  reconnaissance 

Observation 

Trainer  for  Class  IV 


The  procuring  activity  will  assign  an  airplane  to  one  of  these  Classes,  and  the 
requirements  for  that  Class  shall  apply.  When  no  Class  is  specified  in  a  re¬ 
quirement,  the  requirement  shall  apply  to  all  Classes.  When  operational 
missions  so  dictate,  an  airplane  of  one  Class  may  be  required  by  the  procuring 
activity  to  meet  selected  requirements  ordinarily  specified  for  airplanes  of 
another  Class. 

1.3.1  Land-  or  carrier-based  designation.  The  letter  -L  following  a  Class 
designation  identifies  an  airplane  as  land-based;  carrier-based  airplanes  are 
similarly  identified  by  -C.  When  no  such  differentiation  is  made  in  a  require¬ 
ment,  the  requirement  shall  apply  to  both  land-based  and  carrier-based  airplanes. 
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RELATED  MIL-F-8785  PARAGRAPHS 


1.3,  1.3.1 
DISCUSSION 

These  paragraphs  replace  paragraphs  1.3  and  1.3.1  in  MIL-F-8785.  The 
aspects  of  intended  use  seem  implicit  in  this  classification  scheme  and, 
although  it  is  not  specifically  stated,  one  can  see  some  correlation  with 
weight  and  limit  load  factor.  Because  a  classification  scheme  that  consists 
only  of  groupings  of  a  list  of  mission  titles  will  generally  become  obsolete  as 
new  missions  are  devised,  it  seems  desirable  to  try  to  define  Classes  on  a  more 
general  basis.  Reference  A1  has  four  Classes  and  groups  airplanes  on  the  basis 
of  maneuverability,  size,  weight,  and  intended  use.  Within  each  group,  examples 
are  given  which  use  the  basic  mission  title  nomenclature  defined  in  DOD  Direct 
tive  Number  4505.6  dated  14  August  1967.  The  four  Classes  are  also  related 
qualitatively  to  maximum  design  gross  weight  and  symmetrical  flight  limit  load 
factor  at  the  basic  flight  design  gross  weight. 

In  the  proposed  revision  of  MIL-A-8861,  Airplane  Strength  and  Rigidity 
Flight  Loads,  dated  October  1967,  symmetrical  flight  limit  load  factor  design 
values  are  specified  for  the  aircraft  designations  of  the  DOD  Directive.  The 
specified  limit  load  factors,  together  with  weight  data  for  U.S.  military 
airplanes  listed  in  the  March  18,  1968  issue  of  Aviation  Week  8  Space  Technology, 
were  used  to  form  Figure  1.  The  presentation  of  Figure  1  makes  it  obvious  that 
highly  maneuverable  airplanes  such  as  fighter  and  attack  types,  together  with 
certain  trainer  and  observation  craft  should  be  designed  for  high  limit  load 
factor.  These  vehicles  tend  to  group  in  the  weight  range  from  5000-100,000  lb. 
There  are  a  few  small,  light-weight  trainers  and  observation  airplanes  which 
are  also  designed  for  fairly  high  load  factors,  which  could  be  in  either  Class  I 
or  Class  IV.  Classification  of  these  airplanes  should  be  done  on  the  basis  of 
more  detailed  information  about  the  intended  use;  or  alternatively,  the  detail 
specification  should  be  composed  of  requirements  selected  from  those  stated 
for  both  of  these  Classes  in  Reference  Al.  Figure  1  also  illustrates  that  all 
other  airplanes  are  required  to  be  designed  for  a  limit  load  factor  of  less 
than  4  g's,  and  that  current  airplanes  span  the  weight  range  from  1,000  to 
almos :  1,000,000  lb. 


Historically,  flying  qualities  specifications  have  recognized  the  need 
to  specify  different  values  of  parameters  for  vehicles  of  different  size  and 
different  operational  missions.  It  is  intuitive  to  expect  the  handling  qualities 
of  sports  cars  to  be  different  from  those  of  trucks,  speed  boats  to  handle 
differently  than  ocean  liners,  and  small  utility  airplanes  to  fly  differently 
than  large  transports.  In  each  of  these  examples  there  is  a  difference  in  size, 
but  also  in  operational  use  or  intended  mission.  In  addition,  there  may  be 
significant  differences  in  the  way  each  vehicle  responds  to  external  disturb¬ 
ances  such  as  road  roughness,  sea  state  and  atmospheric  turbulence  or  wind. 
Another  factor  of  possible  significance  is  the  location  of  the  driver  or  pilot 
in  the  vehicle  relative  to  the  center  of  gravity  and  the  extremities  of  the 
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Figure  1(1.3)  CLASSIFICATION  OF  AIRPLANES 


vehicle.  The  location  of  the  pilot  in  the  vehicle  affects  the  motions  and 
riding  characteristics  he  experiences.  If  the  effect  of  each  of  these  factors 
on  handling  or  flying  qualities  were  fully  understood  and  a  sufficient  data 
base  existed,  then  the  quantitative  requirements  could  be  stated  as  mathematical 
or  empirical  functions  of  the  significant  factors,  and  there  would  be  no  need 
for  any  classification  breakdown  to  accommodate  these  effects  in  the  specifica¬ 
tion  requirements. 

It  should  also  be  recognized  that  as  vehicles  become  larger,  practical 
design  considerations  may  dictate  compromises  between  the  degree  of  maneuvera¬ 
bility  and  the  values  of  flying  qualities  parameters  that  are  desirable  and 
what  can  be  accepted,  through  relaxation  of  operational  requirements  or  through 
modification  of  operational  procedures  or  techniques. 

How  best  to  handle  the  factors  discussed  above  is  not  completely  clear 
at  this  time.  Ideally  the  requirements  should  be  expressed  as  mathematical 
functions  of  the  significant  factors.  The  current  state  of  knowledge  and  the 
experimental  data  available  do  not  permit  this,  so  it  is  necessary  to  make  the 
relatively  arbitrary  Class  definitions  of  Reference  Al.  Further  research  into 
possible  scaling  parameters,  simulation  study  and  operational  experience  are 
required  in  this  area. 

As  in  MIL-F-8785,  the  -C  requirements  reflect  both  the  unique  and  the 
more  critical  aspects  of  carrier  operation  in  terminal  Flight  Phases. 


1.4 


FLIGHT  PHASE  CATEGORIES 


REQUIREMENT 

1.4  Flight  Phase  Categories.  The  Flight  Phases  have  been  combined  into 
three  Categories  which  are  referred  to  in  the  requirement  statements.  These 
Flight  Phases  shall  be  considered  in  the  context  of  total  missions  so  that 
there  will  be  no  gap  between  successive  Phases  of  any  flight  and  so  that  trans¬ 
ition  will  be  smooth.  When  no  Flight  Phase  or  Category  is  stated  in  a  require¬ 
ment,  that  requirement  shall  apply  to  all  three  Categories.  In  certain  cases, 
requirements  are  directed  at  specific  Flight  Phases  identified  in  the  require¬ 
ment.  Flight  Phases  descriptive  of  most  military  airplane  missions  are: 


Nonterminal  Flight  Phases: 

Category  A  -  Those  nonterminal  Flight  Phases  that  require  rapid 

maneuvering,  precision  tracking,  or  precise  flight-path 
control.  Included  in  this  Category  are: 


a. 

Air-to-air  eombat  (CO) 

f. 

In-flight  refueling 
(receiver)  (RR) 

b. 

Ground  attack  (GA) 

8  ■ 

Terrain  following  (TF) 

c. 

Weapon  delivery/launch 
(WD) 

h. 

Antisubmarine  search  (AS) 

d. 

Aerial  recovery  (AR) 

i. 

Close  formation  flying  (FF) 

e. 

Reconnaissance  (RC) 

Category  B  -  Those  nonterminal  Flight  Phases  that  are  normally  accom¬ 
plished  using  gradual  maneuvers  and  without  precision 
tracking,  although  accurate  flight-path  control  may  be 
required.  Included  in  this  Category  are: 

a.  Climb  (CL)  e.  Descent  (D) 

b.  Cruise  (CR)  f.  Emergency  descent  (ED) 

c.  Loiter  (LO)  g.  Emergency  deceleration  (DE) 

d.  In-flight  refueling  h.  Aerial  delivery  (AD) 

(tanker)  (RT) 
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Terminal  Flight  Phases: 


Category  C  -  Terminal  Flight  Phases  are  normally  accomplished  using 

gradual  maneuvers  and  usually  require  accurate  flight-path 
control.  Included  in  this  Category  are: 

a.  Takeoff  (TO) 

b.  Catapult  takeoff  (CT) 

c.  Approach  (PA) 

d.  Wave-off/go- around  (WO) 

e.  Landing  (L) 

When  necessary,  recategori2ation  or  addition  of  Flight  Phases  or  delineation 
of  requirements  for  special  situations,  e.g.,  zoom  climbs,  will  be  accomplished 
by  the  procuring  activity. 

RELATED  MIL-F-8785  PARAGRAPHS 


DISCUSSION 


Experience  with  airplane  operations  indicates  that  certain  Flight  Phases 
require  more  stringent  values  of  flying  qualities  parameters  than  do  others 
(e.g.,  air-to-air  combat  requires  more  Dutch  roll  damping  than  does  cruising 
flight).  Also,  a  given  mission  Flight  Phase  will  generally  have  an  Airplane 
Normal  State  associated  with  i  (e.g.,  flaps  and  gear  down  for  landing  approach 
and  up  for  cruising  flight).  In  many  instances,  therefore,  the  flying  qualities 
specification  should  state  requirements  as  a  function  of  mission  Flight  Phase. 

This  degree  of  breakdown  gives  the  designer  additional  gudiance  in  optimizing 
his  design  so  that  each  Airplane  State  has  adequate  flying  qualities  for  the 
tasks  to  be  performed  while  the  airplane  is  in  that  State. 

In  flight  and  simulator  evaluations,  pilots  generally  have  rated  a  set 
of  flying  qualities  on  suitability  for  a  given  mission  segment  like  one  of  these 
Flight  Phases.  The  pilots  assign  an  overall  rating,  based  on  ability,  or  effort 
required,  to  perform  certain  appropriate  tasks  such  as  precision  tracking  of  a 
target  or  a  glide  slope,  trimming  and  making  heading  changes  at  constant  altitude; 
and  of  flight  in  turbulence.  As  they  extrapolate  to  other  flight  situations 
(tasks,  environment,  etc.),  their  uncertainty  in  their  ratings  grows.  These 
considerations  led  naturally  to  statement  of  flying  qualities  requirements  in 
terms  of  the  Flight  Phases  of  1.4. 


For  the  most  part,  the  Flight  Phase  titles  are  descriptive  enough  to 
facilitate  picking  those  applicable  to  a  given  design.  The  formation  flying 
(FF)  Flight  Phase  is  intended  to  be  used,  if  desired,  where  there  is  no  other 
requirement  for  rapid  maneuvering,  precision  tracking  or  precise  flight-path 
control  in  up-and-away  flight.  An  example  might  be  a  Class  1  trainer  for  which 
the  procuring  activity  desires  Category  A  flying  qualities  (note  the  current 
use  of  the  T-37,  T-28,  etc.). 

The  similarity  of  tasks  in  many  Flight  Phases,  plus  the  limited  amount 
of  evaluation  data  on  specific  Flight  Phases,  has  led  to  grouping  the  Phases 
into  three  Categories.  First,  the  possible  Flight  Phases  were  divided  into  two 
groups  on  the  basis  of  terminal  and  nonterminal  operation.  Then  nonterminal 
flight  was  further  divided  into  two  groups  based  primarily  on  the  degree  of 
maneuverability  and/or  precision  of  control  required.  The  requirements  of 
Section  3  are  generally  stated  in  terms  of  these  three  Flight  Phase  Categories. 
However,  a  number  of  the  requirements  are  directed  at  specific  Flight  Phases; 
those  requirements  apply  only  to  the  specific  Flight  Phase  stated. 


Not  all  of  these  Flight  Phases  apply  to  a  given  airplane.  Those  that 
are  appropriate  to  design  operational  missions  and  emergencies  will  be  chosen 
for  each  design.  The  list  cannot  be  exhaustive  because  new  mission  require¬ 
ments  continue  to  be  generated.  Thus  the  procuring  activity  may  have  to  delete 
some  Phases  and  add  others.  Responsibility  for  choosing  applicable  Flight 
Phases  should  be  defined  contractually.  The  procuring  activity  should  prepare 
the  initial  listing  of  Flight  Phases.  The  contractor  should  be  made  contrac¬ 
tually  responsible  for  assuring  that  this  listing  is  inclusive  and  exhaustive 
(for  the  stated  primary  and  alternate  missions),  and  for  suggesting  necessary 
additions  so  that  the  intent  of  the  Flight  Phase  concept  (i.e.,  there  will  be 
no  gap  between  successive  phases  of  every  flight,  and  transition  between 
phases  of  each  flight  will  be  smooth)  will  be  accomplished.  It  is  the  procuring 
activity's  responsibility  either  to  agree  with  the  contractor's  suggestions  or 
to  recategorize  the  Flight  Phases. 

In  certain  cases,  both  flying  qualities  requirements  and  airplane 
capabilities  may  be  less  than  one  would  ordinarily  expect.  An  example  is  a 
zoom  climb--a  dynamic  maneuver  in  which  qualities  such  as  speed  stability  and 
natural  frequency  cannot  be  measured  in  flight,  and  the  effectiveness  of  aero¬ 
dynamic  controls  is  necessarily  low  at  low  dynamic  pressure.  Lacking  enough 
data  to  formulate  general  requirements  for  these  cases,  it  has  been  left  for 
the  procuring  activity  to  provide  specific  requirements  as  specific  mission 
needs  dictate. 


1.5  LEVELS  OF  FLYING  QUALITIES 
REQUIREMENT 

1.5  Levels  of  flying  qualities.  Where  possible,  the  requirements  of 
Section  3  have  been  stated  in  terms  of  three  values  of  the  stability  or  control 
parameter  being  specified.  Each  value  is  a  minimum  condition  to  meet  one  of 
three  Levels  of  acceptability  related  to  the  ability  to  complete  the  operational 
missions  for  which  the  airplane  is  designed.  The  levels  are: 

Level  1  Flying  qualities  clearly  adequate  for  the  mission  Flight 

Phase 

Level  2  Flying  qualities  adequate  to  accomplish  the  mission  Flight 

Phase,  but  some  increase  in  pilot  workload  or  degradation 
in  mission  effectiveness,  or  both,  exists 

Level  3  Flying  qualities  such  that  the  airplane  can  be  controlled 

safely,  but  pilot  workload  is  excessive  or  mission  effective¬ 
ness  is  inadequate,  or  both.  Category  A  Flight  Phases  can 
be  terminated  safely,  and  Category  B  and  C  Flight  Phases 
can  be  completed. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

The  phrase  "where  possible"  was  used  in  1.5  because,  after  considerable 
literature  searching,  the  data  available  were  inadequate  to  permit  a  rational 
statement  of  three  values  for  every  requirement.  As  more  data  become  available, 
further  separation  of  requirements  into  Levels  of  acceptability  should  be 
achievable. 

Amplification  on  Level  usage  is  given  in  6,7.2:  "Level  definitions. 

To  determine  the  degradation  in  flying  qualities  parameters  for  a  given 
Airplane  Failure  State  the  following  definitions  .re  provided: 

a.  Level  1  is  better  than  or  equal  to  the  Level  1  boundary,  or 
number,  given  in  Section  3. 

b.  Level  2  is  worse  than  Level  1,  but  no  worse  than  the  Level  2 
boundary  or  number. 

c.  Level  3  is  worse  than  Level  2,  but  no  worse  than  the  Level  3 
boundary  or  number. 


When  a  given  boundary,  or  number,  is  identified  as  Level  1  and  Level  this 
means  that  flying  qualities  outside  the  boundary  conditions  shown,  or  worse 
than  the  number  given,  are  at  best  Level  3  flying  qualities...." 


According  to  4.4,  the  Level  definitions  of  1.5  are  to  be  used  directly 
in  determining  compliance  with  qualitative  requirements.  There  is  a  direct 
association  between  the  three  Levels  of  acceptability  and  the  pilot  rating 
scale  recently  developed  by  Cooper  and  Harper.  The  definitions  of  the  three 
Levels  in  1.5  were  originally  developed  from  an  interim  version  of  this  scale, 
published  in  September  1966  (Reference  B5).  Since  that  time,  the  rating  scale 
has  been  refined  and  republished  after  review  by  interested  individuals  and 
organizations  in  the  U.S.,  Britain,  and  France  (Reference  B113).  The  refine¬ 
ments  in  the  latest  version  deal  mainly  with  details  of  language,  however,  and 
not  the  basic  structure  of  the  scale,  i.e.,  the  basic  decision  process  related 
to  mission  Flight  Phase  accomplishment  remains  unchanged  from  that  of  Refer¬ 
ence  B5.  The  revised  rating  scale  from  Reference  B113  is  reproduced  in 
Figure  1. 

Although  a  direct  association  is  intended  between  the  Levels  of 
Reference  A1  and  the  revised  rating  scale  in  Figure  1,  the  association  with 
previous  rating  scales  is  not  as  direct.  Since  the  majority  of  the  experi¬ 
mental  flying  qualities  data  available  at  this  time  was  produced  using  either 
the  original  Cooper  scale  or  one  of  several  scales  employed  by  Cornell 
Aeronautical  Laboratory,  it  was  necessary  to  examine  the  context  and  the 
results  of  each  experiment  in  detail  before  making  associations  between  Levels 
and  a  particular  pilot  rating  scale. 


In  general,  however,  the  following  association  has  been  used  between 
Levels  and  the  major  rating  scales: 


Original 

Level  Cooper  Scale 


Standard 
CAL  Scale 


Interim 
Revision- 
Cooper-Harper 
Scale  (Ref.  B5) 


Final 
Revision- 
Cooper-Harper 
Scale  (Ref.  B113) 


1  1-3.5  1-3.5 

2  3. 5-5. 5  3. 5-6. 5 

3  5.5-7  6.5-9+ 


1-3.5 

3. 5- 6. 5 

6.5- 9+ 


1-3.5 

3. 5- 6. 5 

6.5- 9+ 


The  particular  association  between  Levels  and  rating  scales  other  than 
those  shown  above  is  presented,  along  with  the  particular  set  of  data  under 
consideration,  in  the  following  sections. 


Because  the  base  configurations  for  parametric  studies  were  different 
for  different  experiments,  it  was  sometimes  helpful  to  give  consideration  to 
the  rate  of  change  of  pilot  rating  with  a  given  parameter  in  establishing  the 
association  between  parameter  values  and  Levels.  In  addition,  the  selection 
of  parameter  values  to  use  for  Level  3  was  sometimes  tempered  with  philosophy 
and  not  strictly  based  on  experimentally  defined  controllability  limits. 
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(1.5)  REVISED  RATING  SCALE  (REFERENCE  BII3) 


The  evaluations  and  analyses  on  which  many  of*  the  requl  rement  a  are 
bunod  were  conducted  with  "good"  values  ot*  all  parameters  except  the  ones  that 
were  varied.  Hut  Cooper  and  Harper  have  noted  that  the  combined  rating  degrada 
tion  caused  by  two  or  more  poor  flying  qualities  parameters  can  be  slgnlfl 
cantly  worse  than  the  degradation  caused  by  any  one  of  the  parameters,  Such 
degradation  is  not  always  found,  hut  it  is  a  worrisome  problem,  lor  example, 
if  Level  6  is.  barely  met  in  several  respects,  the  airplane  may  be  unflyahle. 
Some  Level  3  requirements  have  been  stiffened  arbltrari ly ,  partly  to  account 
for  this  possibility.  1  ore  is  too  little  data  to  treat  the  problem  more 
accurately.  Our  solace  is  that  with  low  probabilities  of  single  failures, 
tho  joint  probabilities  of  most  multiple  degradations  are  very  small.  As  any 
flying  quality  approaches  or  passes  the  Level  3  limit,  it  will  become  of 
interest  to  people  concerned  with  flight  safety. 

Inclusion  of  further-degraded  Levels  (below  Level  3)  was  discussed: 
get-home  capability  or  stabilisation  for  ejection.  Hut  by  definition,  Level  ^ 
gives  ability  to  roeovor,  return  and  land  safely  following  a  failure  at  the 
most  adverse  point  in  the  flight,  it  seems  best  to  demand  no  less  than  that. 
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4,  APPI.ICAIII,M  INR.'HMKNTM 

2.1  The  following  documents,  of  the  Imui  in  effect  on  the  dele  of  Invite* 
tion  for  bun  or  request  for  propustil,  form  «  part  of  this  aped float  inn  to  the* 
extent  aped f led  herein: 


SPECIFICATIONS 


Military 

*  »5ii  n*n*s»'  czm*  \ 

Mil,*  0*87011 
Mll,*F*lM90 

MR*C*18M4 

MU.*  F*  14372 

Mll-S*  2501$ 
Mlb-W*  25140 


Demanat  rat  Ion  Requirement*  for  Airplane* 

(Might  Control  System*  «  Design,  Installation  ami  Text  of, 
Piloted  Aircraft,  (ianarai  Sped fication  for 
Control  and  Stabilisation  Syatemx,  Automatic,  Piloted  Aircraft, 
Central  Specification  for 

Plight  Control  System*,  Design,  Installation  and  Test  of, 
Aircraft  (Central  Specification  for) 

Spinning  Requirements  for  Airplanes 

Weight  and  Halance  Control  Data  (for  Airplanes  and  Hotorcraft) 


STANDARDS 


Ml  1.-STD* 750  Reliability  Prediction 


(Copies  of  documents  required  by  suppliers  in  connection  with  specific  pro¬ 
curement  functions  should  be  obtained  from  the  procuring  activity  or  as 
directed  by  the  contracting  officer,) 


RELATED  Ml  L-F-8785  PARAGRAPHS 


2.1 

DISCUSSION 

At  places  it  was  felt  necessary  to  refer  to  other  documents  in  the 
specific  requirements  of  -  8785B.  All  such  referenced  documents  are  listed 
in  2.1.  Another  group,  closely  related  hut  not  referenced,  appears  In  6.8: 

"Relatod  documents.  The  documents  listed  below,  while  they  do  not 
form  a  part  of  this  specification,  are  so  closely  related  to  it  that  their 
contents  should  be  taken  into  account  in  any  application  of  this  specification. 

SPECIFICATIONS 


Military 

MIL-C-5011  Charts;  Standard  Aircraft  Characteristics  and  Performance, 
Piloted  Aircraft 

MIl-S-5711  Structural  Criteria,  Piloted  Airplanes,  Structural  Tests,  -- 
Flight 
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Ml  I -M- mo 
Mil.- A -  MM) 
Ml  l- A- MM 

Ml  US. lit  no 


Ml  l,-t;  AM4  7M 


Mamin  I,  I1  light 

Airplane  Strength  nml  Rigidity  -  tieneral  Spec  if  lent  ion  fur 

Airplane  Strength  nml  Rigidity  -  Might  l.oada 

Safety  ilngineering  of  $> stems  nml  Associated  Subsystems,  nml 

llquipment,  (ieneral  Requirement*  fur 

lienernl  Requirement*  fur  Angle  of  Attack  Rnsed  Systems 


lUim.lt’AMON 
USA  I1 

■  *  U*>*«*M 


IIIAIMInndbook  of  Instruction*  for  Airplane  Designers" 
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3.1  •  GENERAL  REQUIREMENTS 


3.1  •  GENERAL  REQUIREMENTS 


3. 


REQUIREMENTS 


3.1  GENERAL  REQUIREMENTS 
DISCUSSION 

This  section  of  Reference  A1  specifies  the  conditions  under  which  the 
requirements  of  this  specification  apply.  The  main  factors  are  determined  by 
the  operational  missions  for  which  the  airplane  is  to  be  dosigned.  The  airplane, 
described  by  its  Airplane  State  (weight,  center-of-gravity  position,  external 
store  complement,  configuration  and  thrust  setting  together  with  the  operational 
status  of  the  components  and  systems),  must  meet  the  specified  requirements 
under  various  conditions  of  spoed,  altitude  and  load  factor. 

3.1.1  OPERATIONAL  MISSIONS 
REQUIREMENT 

3.1.1  Operational  missions.  The  procuring  activity  will  specify  the  opera¬ 
tional  missions  to  be  considered  by  the  contractor  in  designing  the  airplane 
to  meet  the  flying  qualities  requirements  of  this  specification.  These  missions 
will  include  the  entire  spectrum  of  intended  operational  usage. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

The  word  "missions"  unfortunately  is  used  in  several  contexts  not  only 
in  this  specification,  but  throughout  the  writings  pertinent  to  acquiring  a 
new  weapon  system.  In  the  broadest  sense,  "operational  missions"  applies  to 
categorizing  the  airplane  as  fighter,  bomber,  reconnaissance,  etc.,  or  as  in 
"accomplishing  the  mission"  of  bombing,  strafing,  etc.  In  3.1.1  the  object 
is  to  introduce  to  the  designer  in  general  terms  the  function  of  the  vehicle 
he  is  to  design.  It  should  be  sufficient  for  the  procuring  activity  to  refer 
to  those  paragraphs  of  the  Systems  Specification  and  Air  Vehicle  Specification 
which  contain  the  overall  performan  e  requirements,  the  operational  requirements, 
employment  and  deployment  requirement  (generally  Sections  3.1  and  3.2  of 
those  documents).  The  operational  missions  should  be  based  on  the  above  con¬ 
siderations  as  well  as  the  mission  profiles  to  be  used  for  performance 
guarantees. 

The  operational  missions  considered  should  not  be  based  on  just  the 
design  mission  profiles.  But  these  profiles  may  be  a  starting  point  for 
determining  variations  that  might  normally  be  expected  in  service  use  while 
performing  missions  of  the  same  character.  Thus  the  procuring  activity  should 
examine  ranges  of  useful  load,  flight  time,  combat  speed  and  altitude,  in¬ 
flight  refueling,  etc.  to  define  the  entire  spectrum  of  intended  operational 
use.  "Operational  missions"  are  intended  to  include  training  missions. 
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The  intended  use  of  nn  airplane  must  bo  known  before  the  roquirod 
configurations,  loadings,  and  the  Operational  Flight  Envelopes  can  be  defined 
and  the  design  of  the  airplane  to  meet  the  requirements  of  this  specification 
can  be  undertaken.  Should  the  using  command  decide  to  use  an  airplane  for  an 
operational  mission  other  than  those  for  which  it  was  designed,  the  respon¬ 
sibility  must  be  assumed  by  the  using  command  since  the  airplane  designer  can 
only  bo  held  responsible  for  the  requirements  specified  in  the  contract  covering 
procurement  of  tho  airplane.  If  additional  missions  are  foreseen  at  the  time 
the  detail  specification  is  prepared,  it  is  the  responsibility  of  the  procuring 
activity  to  define  the  operational  requirements  to  include  these  missions. 
Examples  of  missions  or  capabilities  that  have  been  added  later  are  in-flight 
refueling  (tanker  or  receiver),  aorial  pickup  and  delivery,  low-altitude 
penetration  and  weapon  delivery,  and  ground  attack  for  an  air-superiority 
fighter  or  vice  versa. 

The  foregoing  discussion  serves  to  emphasize  the  importance  of  the 
intended  use  of  the  airplane  and  the  impact  this  has  on  the  configurations, 
loadings,  and  Operational  Flight  Envelopes  for  which  the  airplane  is  to  be 
designed.  Once  the  intended  uses  or  operational  missions  are  defined,  a 
Flight  Phase  analysis  of  each  mission  must  be  conducted.  With  the  Flight 
Phases  established,  the  configurations  and  locoing  states  which  will  exist 
during  each  Phase  can  be  defined.  After  the  configuration  and  loading  states 
have  been  defined  for  a  given  Flight  Phase,  Service  and  Permissible  Flight 
Envelopes  can  be  determined  and  Operational  Flight  Envelopes  more  fully 
defined. 
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loadings  is  presented  in  Section  4  of  Reference  A1  in  terms  of  weight,  center- 
of-gravity  position  or  moments  of  inertia.  Only  permissible  center-of-gravity 
positions  need  be  considered  for  Airplane  Normal  States.  But  fuel  sequencing 
and  transfer  failures  or  malperformance  that  get  the  center  of  gravity  outside 
the  established  limits  are  expressly  to  be  considered  as  Airplane  Failure 
States.  The  worst  possible  cases  that  are  not  approved  Special  Failure  States 
(3. 1.6.2. 1)  must  be  examined. 

Since  the  requirements  apply  over  the  full  range  of  service  loadings, 
effects  of  fuel  slosh  and  shifting  should  be  taken  into  account  in  design. 
Balance,  controllability,  and  airframe  and  structure  dynamic  characteristics 
may  be  affected.  For  example,  take-off  acceleration  has  been  known  to  shift 
the  c.g.  embarrassingly  far  aft.  Airplane  attitude  may  also  have  an  effect. 

Other  factors  to  consider  are  fuel  sequencing,  in-flight  refueling  if  applicable, 
and  all  arrangements  of  variable,  disposable  and  removable  items  required  for 
each  operational  mission. 

The  procuring  activity  may  elect  to  specify  a  growth  margin  in  c.g. 
travel  to  allow  for  uncertainties  in  weight  distribution,  stability  level  and 
other  design  factors,  and  for  possible  future  variations  in  operational  loading 
and  use. 


In  determining  the  range  of  store  loadings  to  be  specified  in  the 
contract,  the  procuring  activity  should  consider  such  factors  as  store  mixes, 
possible  points  of  attachment,  and  asymmet.ries--initial,  after  each  pass,  and 
the  result  of  failure  to  release,  The  contractor  may  find  it  necessary  to 
propose  limitations  on  store  loading  to  avoid  excessive  design  penalties. 

The  designer  should  attempt  to  assure  that  there  are  no  restrictions 
on  store  loading,  within  the  range  of  design  stores.  However,  it  is  recognized 
that  occasionally  this  goal  will  be  impracticable  on  some  designs.  It  may  be 
impossible  to  avoid  exceeding  airplane  limits,  or  excessive  design  penalties 
nuy  be  incurred.  Then,  insofar  as  considerations  such  as  standardized  stores 
permit,  it  should  be  made  physically  impossible  to  violate  necessary  store 
loading  restrictions.  If  this  too  should  not  be  practicable,  the  contractor 
should  submit  both  an  analysis  of  the  effects  on  flying  qualities  of  violating 
the  restrictions  and  an  estimate  of  the  likelihood  that  the  restrictions  will 
be  exceeded. 
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3.1.2  LOADINGS 

3.1.3  MOMENTS  OF  INERTIA 

3.1.4  EXTERNAL  STORES 

REQUIREMENTS 

3.1.2  Loadings .  The  contractor  shall  define  the  envelopes  of  center  of 
gravity  and  corresponding  weights  that  will  exist  for  each  Flight  Phase.  These 
envelopes  shall  include  the  most  forward  and  aft  center-of-gravity  positions 

as  defined  in  MIL-W-25140.  In  addition,  the  contractor  shall  determine  the 
maximum  center-of-gravity  excursions  attainable  through  failures  in  systems  or 
components,  such  as  fuel  sequencing,  hung  stores,  etc.,  for  each  Flight  Phase 
to  be  considered  in  the  Failure  States  of  3. 1.6.2.  Within  these  envelopes, 
plus  a  growth  margin  to  be  specified  by  the  procuring  activity,  and  for  the 
excursions  cited  above,  this  specification  shall  apply. 

3.1.3  Moments  of  inertia.  The  contractor  shall  define  the  moments  of  inertia 
associated  with  all  loadings  of  3.1.2.  The  requirements  of  this  specification 
shall  apply  for  all  moments  of  inertia  so  defined. 

3.1.4  External  stores.  The  requirements  of  this  specification  shall  apply 

for  all  combinations  of  external  stores  required  by  the  operational  missions. 
The  effects  of  external  stores  on  the  weight,  moments  of  inertia,  center-of- 
gravity  position,  and  aerodynamic  characteristics  of  the  airplane  shall  be 
considered  for  each  mission  Flight  Phase.  When  the  stores  contain  expendable 
loads,  the  requirements  of  this  specification  apply  throughout  the  range  of 
store  loadings.  The  external  stores  and  store  combinations  to  be  considered 
for  flying  qualities  design  will  be  specified  by  the  procuring  activity.  In 
establishing  external  store  combinations  to  be  investigated,  consideration 
shall  be  given  to  asymmetric  as  well  as  to  symmetric  combinations. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.1.1,  3.1.5 

DISCUSSION 

The  loading  of  an  airplane  is  determined  by  what  is  in  (internal 
loading),  and  attached  to  (external  loading)  the  airplane.  The  parameters 
that  define  different  characteristics  of  the  loading  are  weight,  center-of- 
gravity  position,  and  moments  and  l  oducts  of  inertia.  External  stores  affect 
all  these  parameters  and  also  affoc*  aerodynamic  coefficients. 

The  requirements  apply  under  all  loading  conditions  associated  with  an 
airplane's  operational  missions.  Since  there  is  an  infinite  number  of  possible 
internal  and  external  loadings,  each  requirement  generally  is  only  examined  at 
the  critical  loading  with  respect  to  the  requirement.  Guidance  on  such  critical 
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3.1.5  CONFIGURATIONS 
REQUIREMENT 

3.1.5  Configurations .  The  requirements  of  this  specification  shall  apply  for 
all  configurations  required  or  encountered  in  the  applicable  Flight  Phases  of 
1.4.  A  (crew-)  selected  configuration  is  defined  by  the  positions  and  adjust¬ 
ments  of  the  various  selectors  and  controls  available  to  the  crew  except  for 
rudder,  aileron,  elevator,  throttle  and  trim  controls.  Examples  are:  the  flap 
control  setting  and  the  yaw  damper  ON  or  OFF.  The  selected  configurations  to 
be  examined  must  consist  of  those  required  for  performance  and  mission  accom¬ 
plishment.  Additional  configurations  to  be  investigated  may  be  defined  by  the 
procuring  activity. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.1.9 

DISCUSSION 

The  settings  of  such  controls  as  fiaps,  speed  brakes,  landing  gear, 
wing  sweep,  high  lift  devices,  and  wing  incidence  are  related  uniquely  to  each 
aircraft  design.  Reference  A1  requires  that  the  configurations  to  be  examined 
shall  be  those  required  for  performance  and  mission  accomplishment.  The 
position  of  rudder,  aileron,  elevator,  trim  controls  and  the  thrust  setting 
are  not  included  in  the  definition  of  configuration  since  the  positions  of 
these  controls  are  usually  either  specified  in  the  individual  requirements  or 
determined  by  the  specified  flight  conditions. 

The  requirements  of  Reference  A1  are  stated  for  Flight  Phases,  rather 
than  for  airplane  configurations  as  was  done  in  MIL-F-8785.  The  flying  qualities 
should  be  a  function  of  the  job  to  be  done  rather  than  of  the  configuration  of 
the  airplane.  However,  the  designer  must  define  the  configuration  or  configura¬ 
tions  which  his  airplane  will  have  during  each  Flight  Phase. 


*  % 
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3.1.6  STATE  OF  THE  AIRPLANE 


REQUIREMENTS 

3.1.6  State  of  the  airplane.  The  State  of  the  airplane  is  defined  by  the 
selected  configuration  together  with  the  functional  status  of  each  of  the 
airplane  components  or  systems,  throttle  setting,  weight,  moments  of  inertia, 
center-of-gravity  position,  and  external  store  complement.  The  trim  setting 
and  the  positions  of  the  rudder,  aileron,  and  elevator  controls  are  not 
included  in  the  definition  of  Airplane  State  since  they  are  often  specified 
in  the  requirements. 

3. 1.6.1  Airplane  Normal  States.  The  contractor  shall  define  and  tabulate 
all  pertinent  items  to  describe  the  Airplane  Normal  (no  component  or  system 
failure)  State(s)  associated  with  each  of  the  applicable  Flight  Phases.  This 
tabulation  shall  be  in  the  format  and  shall  use  the  nomenclature  shown  in  6.2. 
Certain  items,  such  as  weight,  moments  of  inertia,  center-of-gravity  position, 
wing  sweep,  or  thrust  setting  may  vary  continuously  over  a  range  of  values 
during  a  Flight  Phase.  The  contractor  shall  replace  this  continuous  variation 
by  a  limited  number  of  values  of  the  parameter  in  question  which  will  be 
treated  as  specific  states,  and  which  include  the  most  critical  values  and 
the  extremes  encountered  during  the  Flight  Phase  in  question. 

3. 1.6.2  Airplane  Failure  States.  The  contractor  shall  define  and  tabulate 
all  Airplane  Failure  States,  which  consist  of  Airplane  Normal  States  modified 
by  one  or  more  malfunctions  in  airplane  components  or  systems;  for  example, 

a  discrepancy  between  a  selected  configuration  and  an  actual  configuration. 
Those  malfunctions  that  result  in  center-of-gravity  positions  outside  the 
center-of-gravity  envelope  defined  in  3.1.2  shall  be  included.  Each  mode  of 
failure  shall  be  considered.  Failures  occurring  in  any  Flight  Phase  shall 
be  considered  in  all  subsequent  Flight  Phases. 

3. 1.6.2. 1  Airplane  Special  Failure  States.  Certain  components,  systems,  or 
combinations  thereof  may  have  extremely  remote  probability  of  failure  during 
a  given  flight.  These  failure  probabilities  may,  in  turn,  be  very  difficult  to 
predict  with  any  degree  of  accuracy.  Special  Failure  States  of  this  type  need 
not  be  considered  in  complying  with  the  requirements  of  section  3  if  justifica¬ 
tion  for  considering  the  Failure  States  as  Special  is  submitted  by  the  con¬ 
tractor  and  approved  by  the  procuring  activity. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

These  paragraphs  introduce  the  Airplane  State  terminology  for  use  in 
the  requirements.  The  contractor  is  required  to  define  the  Airplane  Normal 
States  for  each  applicable  Flight  Phase,  in  the  format  of  Table  XVI.  A 

*• 
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MIL-F-8785B 


Clow  Formation 
FI 

Catapult  TaFeoff 


part  I  cm  1  At'  design  may  have  other  variable  feature*  such  a*  air  Inlela;  If  the 
poult  ion  of  any  a  licit  feature  can  affect  flying  qualities  Independent  Iv  of 
the  Item*  in  Table  XVI.  it*  poaition  should  he  tabulated  aa  well,  Initially, 
variable  parameter*  should  be  preaented  in  diacrete  atepa  amall  enough  to 
allow  accurate  Interpoiat Ion  to  find  the  moat  critical  value*  or  combination* 
for  each  requirement.  Then  theae  critical  case*  ahnuld  he  added,  Aa  diacuaaed 
under  3.1,3  3,1,4,  center-of-gravi ty  poaition*  that  can  he  attained  only  with 

prohibited,  failed,  or  malfunctioning  fuel  sequencing  need  not  be  conaidered 
for  Airplane  Normal  State*, 

There  U  more  to  determining  Failure  State*  than  Juat  conaldering  each 
component  failure  in  turn,  IVto  other  type*  of  effect*  muat  be  conaidered, 
Flrat,  failure  of  one  component  in  a  certain  mode  may  itaelf  induce  other 
failure*  in  the  system,  ao  failure  propagation  muat  be  inveatlgated,  Second, 
one  event  may  cauae  loaa  of  more  than  one  part  of  the  syatem,  liventa  of 
"unlikely"  origin  from  recent  flight  experience  are  Hated  aa  illuatrations: 

*  Failure  of  one  bracket  that  held  line*  from  both  hydraulic 
syatema  led  to  loaa  of  Integrity  of  both  ayatema, 

*  An  extinguishable  fir*  "hat  burned  through  line*  from  all 
hydraulic  ayatema,  that  were  routed  through  the  aame 
compartment. 

*  Spilled  coffee  on  the  pilot*'  console  that  ahortod  out  all 
electrical  ayatema;  lightning  atrikoa  might  do  this,  too. 

e  A  loose  nut  (too  thick  a  washer  was  used,  so  the  self-locking 
threads  wore  not  engaged)  which  shorted  all  three  stability 
augmentation  channels  of  a  triply  redundant  system. 

*  Undetected  impurities  in  a  batch  of  potting  compound  used  in 
packaging  stability  augmentation:  all  affected  channels 
shorted  out  at  the  high  temperatures  of  supersonic  flight, 
after  passing  ground  checkout 

*  Complicated  ground  checkout  equipment  and  lengthy  procedures 
that  wore  impractical  to  use  very  frequently  on  the  flight 
line,  resulting  in  long  flight  times  between  flight  control 
system  electronics  checks. 


The  insidious  nature  of  possible  troubles  emphasizes  the  need  for  caution  in 
design  applications. 

In  most  cases,  a  considerable  amount  of  engineering  judgement  will 
influence  the  procuring  activity's  decision  to  allow  or  disallow  a  proposed 
Airplane  Special  Failure  State.  Probabilities  that  are  extremely  remote  are 
exceptionally  difficult  to  predict  accurately.  Judgements  will  weigh  con¬ 
sequences  against  feasibility  of  improvement  or  alternatives,  and  against 
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projected  ability  to  keep  high  Ntandard*  throughout  il*»lgn,  quail l‘t cut  Ion. 
production,  utu*  and  mai ntenance .  Mooting  othtr  portlnont  roqul  rement*  : 
MII.-F-tMWU,  MII.AltHnO,  etc. ,  should  ho  considered,  an  should  experience  with 
similar  item*.  lieneral  ly ,  SpocUl  Failure  Staten  should  ho  brought  to  the 
attention  of  those  concerned  with  flight  safety. 

Several  categoric*  of  Special  failure  State*  can  he  diet inguiahed . 
t'ertuln  item*  might  he  approved  more  or  lea*  categorically: 

•  Control-stick  fracture 

e  basic  airframe  or  control-surface  structural  failure 

•  Dual  mechanical  failures  in  general 

Regardless  of  the  degree  of  redundancy,  there  remains  a  finite  probability 
that  all  redundant  paths  will  fail.  A  point  of  diminishing  returns  will  he 
reached,  beyond  which  the  gains  of  additional  channala  are  not  worth  the 
associated  penalties: 

e  Complete  failure  of  hydraulic  or  electrical,  etc.  systoms 

e  Complete  or  critical  partial  failure  of  atability  augmentation 

that  has  been  accepted  as  necessary  to  meet  Level  3. 

Some  items  might  be  excoptod  if  special  requirements  are  met.  For  example, 
some  limited  control  should  remain  after  failure  of  all  engines,  provided  by 
accumulators  or  an  auxiliary  power  source  as  appropriate. 

Note  that  the  required  approval  of  Airplane  Special  Failure  States,  In 
conjunction  with  certain  requirements  that  must  be  met  regardless  of  component 
or  equipment  status,  can  be  used  as  desired  to  require  a  level  of  stability 
for  the  basic  airframe,  limit  use  of  stick  pushors  to  alleviate  pitch-up, 
disallow  rudder-pedal  shakers  for  stall  warning,  rule  out  fly-by-wire  control 
systems,  "fvpuiv  .m  auxiH  y  p"»  .  wip’r*,  force  "iwMsitiom  of*  vulnerability 
etc,  The  piuv.ui.iag  activity  should  state  those  considerations  they  wish  to 
impose,  as  completely  as  they  can,  at  the  outset;  but  it  is  evident  that  many 
decisions  must  be  mado  subjectively  and  many  will  be  Influenced  by  the  specific 
design, 
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.V  1.7  OPERATIONAL  FI.U'4IT  ENVELOPES 

ro M roronpn'fliT  — 

y.  fra — imTOTnr^irr.TriTTi^^ 

T41NEKA1.  DISCUSSION 

The  increased  emphasis  in  Reference  A1  on  Plight  Envelopes  is  an 
attempt  to  restrict  application  of  the  requirements  to  regions  in  which 
compliance  in  essential.  Thus,  it  is  hoped  to  avoid  the  performance,  cost 
and  complexity  penalties  that  might  he  associated  with  overdesign  to  provide 
excellent  flving  qualities  at  all  flight  conditions.  Just  as  important,  the 
flight  tin vo lopes  should  ensure  that  flying  qualities  will  he  acceptable 
wherever  tho  airplane  is  operated.  In  general  the  boundaries  of  these 
envelopes  should  not  he  set  by  ability  to  meet  the  flying  qualities  require¬ 
ments.  Uthor  factors  will  normally  determine  the  boundaries  unless  specific 
deviations  are  granted.  The  only  exception  is  control  power,  which  may  set 
some  boundaries  if  the  requirements  on  the  Operational  Right  Envelope  are 
still  met.  The  rationale  for  each  type  of  Envelope  is  presented  later,  in 
the  discussion  of  ouch  paragraph;  hut  here  it  is  in  order  to  discuss 
procedures  in  constructing  and  using  the  Envelopes. 

To  start  with,  the  procuring  activity  must  set  down  the  capability 
it  wants  for  primary  and  alternate  missions,  including  maneuverability  over 
the  spoed-altitude  range.  Ilieso  are  the  minimum  requirements  on  the  Opera¬ 
tional  Plight  Envelopes.  At  this  stage  the  Plight  Phases  will  be  known. 

In  response  to  those  and  other  requirements,  a  contractor  will  design  an 
airplane.  For  that  design  the  contractor  can  relate  the  Flight  Phases  to 
Airplane  Normal  States,  then: 

•  Further  define  the  Operational  Flight  Envelope  for  each 
Flight  Phase,  based  on  the  associated  Airplane  Normal 
States , 

•  Construct  the  larger  Service  Flight  Envelope  for  the 
Airplane  Normal  State  associated  with  each  Flight  Phase, 
and 

•  Similarly  construct  portions  of  the  Permissible  Flight 
Envelope  boundaries,  beyond  which  operation  is  not 

_  —  _  3 1  lowed  .I.  — . .  <— ■ --  - — -  - 

Each  Envelope  must  include  the  flight  conditions  related  to  any  pertinent 
performance  guarantees. 

The  requirements  apply  at  all  points  within  the  volume  of  the 
pertinent  Flight  Envelope.  These  Flight  Envelopes,  which  necessarily  are 
drawn  as  two-dimensional  figures,  form  skeletons  which  depict  three-dimensional 
(speed,  altitude,  normal  load  factor)  volumes  of  conditions  where  requirements 
apply.  In  picking. the  altitudes  at  which  to  define  speed  -  load-factor  envelopes, 
consideration  should  be  given  to  critical  flight  conditions  and  to  how  the 
airplane  will  be  flight  tested. 
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Some  Flight  Phases  of  the  same  Category  will  involve  the  same,  or 
Very  similar,  Airplane  Normal  States;  so  one  set  of  Flight  Envelopes  may 
represent  several  Flight  Phases.  Each  Flight  Phase  will  involve  a  range 
of  loadings.  Generally  it  will  be  convenient  to  represent  this  variation 
by  superimposing  boundaries  for  the  discrete  loadings  of  Table  XVI,  or 
possibly  by  bands  denoting  extremes.  If  different  external  store  complements 
affect  the  Envelope  boundaries  significantly,  it  may  be  necessary  to  construct 
several  sets  of  Envelopes  for  each  Flight  Phase,  each  set  representing  a 
family  of  stores.  Hopefully  a  manageably  small  total  number  of  Envelopes 
should  result.  It  is  apparent  that  the  Flight  Envelopes  must  and  can  be 
refined,  as  the  design  is  further  analyzed  and  defined,  by  agreement  between 
the  contractor  and  the  procuring  activity. 

Flight  tests  will  be  conducted  to  evaluate  the  airplane  against 
requirements  in  known  (a  priori)  Flight  Envelopes.  Generally,  flight  tests 
will  cover  the  Service  Flight  Envelope,  with  specific  tests  (stalls,  dives, 
etc.)  to  the  Permissible  limits.  The  same  test  procedures  usually  apply 
in  both  Service  and  Operational  envelopes;  only  the  numerical  requirements  and 
qualitative  levels  differ.  If,  for  example,  speed  and  altitude  are  within  the 
Operational  Flight  Envelope  but  normal  load  factor  is  between  the  Operational 
and  Service  Flight  Envelope  Boundaries,  the  requirements  for  the  Service 
Flight  Envelope  apply.  Ideally,  the  flight  test  program  should  also  lead  to 
definition  of  Flight  Envelopes  depicting  Level  1  and  Level  2  boundaries 
(paragraph  1.5).  These  Level  boundaries  should  aid  the  using  commands  in 
tactical  employment,  even  long  after  the  procurement  contract  has  been 
closed  out. 

Separate  Flight  Envelopes  are  not  normally  required  for  Airplane 
Failure  States.  It  is  rational  to  consider  most  failures  throughout  the 
Flight  Envelopes  associated  with  Airplane  Normal  States.  There  may  be  excep¬ 
tions  (such  as  a  wing  sweep  failure  that  necessitates  a  wings-aft  landing,  or 
a  flap  failure  that  requires  a  higher  landing  speed)  that  are  peculiar  to 
a  specific  design.  In  such  cases  the  procuring  act’-’ity  may  have  to  accept 
son.e  smaller  Flight  Envelopes  for  specific  Failure  States,  making  sure  that 
ilicse  Envelopes  are  large  enough  for  safe  Level  2  or  Level  3  operation. 

A  sketch  in  Section  6.2.5  of  Reference  A1  illustrates  the  specification 
nomenclature  for  the  Service  and  Operational  Flight  Envelopes. 

In  all  the  Flight  Envelopes,  n  denotes  maneuverability  aside  from  the 
influence  of  thrust  available.  The  flying  qualities  specification  places  no 
requirements  on  the  magnitude  of  load-factor  capability  in  constant-speed, 
level  flight. 
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MIL-F-8785B 

Sketch  from  Section  6.2.5 


n0(+)  AND  n0(-)  (OPERATIONAL  FLIGHT  ENVELOPE) 
n(+)  AND  n(-)  (SERVICE  FLIGHT  ENVELOPE) 
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3.1.7  OPERATIONAL  FLIGHT  ENVELOPES 
REQUIREMENT 

3.1.7  Operational  Flight  Envelopes.  The  Operational  Flight  Envelopes  define 
the  boundaries  in  terms  of  speed,  altitude,  and  load  factor  within  which  the 
airplane  must  be  capable  of  operating  in  order  to  accomplish  the  missions  of 

3.1.1.  Envelopes  for  each  applicable  Flight  Phase  shall  be  established  with 
the  guidance  and  approval  of  the  procuring  activity.  In  the  absence  of 
specific  guidance,  the  contractor  shall  use  the  representative  conditions  of 
table  I  for  the  applicable  Flight  Phases. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.1.2,  3.1.3,  3. 1.3.1,  Table  II 

DISCUSSION 

This  paragraph  is  essentially  new,  incorporating  a  somewhat  different 
concept  of  ’’operational  flight  envelopes"  than  that  of  MIL-F-8785,  paragraph 

3.1.3.  Table  II  of , MIL-F-8785  was  an  uttempt  to  define  the  most  important 
flight  regions  arbitrarily  for  application  of  some  of  the  requirements. 

Operational  Flight  Envelopes  are  now  regions  in  speed-altitude-load 
factor  space  where  it  is  necessary  for  an  airplane,  in  the  configuration  and 
loading  associated  with  a  given  Flight  Phase,  to  have  very  good  flying  qualities, 
as  opposed,  for  example,  to  regions  where  it  is  only  necessary  to  ensure  that 
the  airplane  can  be  controlled  without  undue  concentration.  The  Operational 
Flight  Envelopes  are  intended  to  permit  the  design  task  to  be  more  closely 
defined.  As  a  result,  the  cost  and  complexity  of  the  airplane  and  possibly 
the  cost  and  time  required  for  flight  testing  should  be  appreciably,  but 
logically,  reduced.  The  required  size  of  the  Operational  Flight  Envelopes 
for  a  particular  airplane  should,  to  the  extent  possible,  be  given  in  the 
detail  specification  for  the  airplane,  but  some  boundaries  will  only  be 
delineated  during  design  of  the  weapon  system.  In  defining  the  speed-altitude- 
load  factor  combinations  to  be  encompassed,  the  following  factors  should  be 
considered: 

(a)  The  Operational  Flight  Envelope  for  a  given  Flight  Phase 
should  initially  be  considered  to  be  as  large  a  portion 
of  the  associated  Service  Flight  Envelope  as  possible, 
to  permit  the  greatest  freedom  of  use  of  the  airplane 

by  the  using  command. 

(b)  If  design  trade-offs  indicate  that  significant  penalties 
(in  terms  of  performance,  cost,  system  complexity,  or 
reliability)  are  required  to  provide  Level  1  flying 
qualities  in  the  large  Envelope  of  (a)  above,  consideration 
should  be  given  to  restricting  the  Operational  Flight 
Envelope  toward  the  minimum  consistent  with  the  require¬ 
ments  of  the  Flight  Phasp  of  the  operational  mission  under 
consideration. 
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MIL-F-8785B 
Table  I 

OPERATIONAL  FLIGHT  ENVELOPE 


FLIGHT 

PHASE 

CATEGORY 

FLIGHT  PHASE 

j  AIRSPEED 

ALTITUDE 

|  LOAD  FACTOR 

V  (Mrt  > 

0  o 

min  Min 

Vo  'Mo  » 

max  max 

h 

°min 

ho 

sax 

%  . 
min 

n 

o 

max 

A 

AIR-TO-AIR  COMBAT  (CO) 

)..<  Vs 

VMAT 

MSL 

Combat 

Ceiling 

-1.0 

nL 

GROUND  ATTACK  (GA) 

1.3  Vs 

VMRT 

MSL 

Medium 

-1.0 

"1. 

WEAPON  DELIVERY/LAUNCH 
(WD) 

V 

range 

VMAT 

MSL 

Combat 

Ceiling 

.5 

AERIAL  RECOVERY  (AR) 

1.2  Vs 

VMRT 

MSL 

Combat 

Ceiling 

.s 

nL 

RECONNAISSANCE  (RC) 

1.3  Vs 

,  v 

MAT 

MSL 

Combat 

Ceiling 

*  • 

• 

IN-FLIGHT  REFUEL  (RECEIVER) 
(RR) 

1.2  Vs 

v 

MRT 

MSL 

Coidbat 

Ceiling 

•  S 

2.0 

TERRAIN  FOLLOWING  (TF) 

V 

range 

v 

MAT 

MSL 

10,000  ft. 

.0 

3.S 

ANTISUBMARINE  SEARCH  (AS) 

1.2  Vs 

VMRT 

MSL 

Medlua 

0 

2.0 

CLOSE  FORMATION  FLYING  (FF) 

14  V, 

VMAT 

MSL 

Combat 

Ceiling 

-1.0 

aa 

B 

CLIMB  (CL) 

•8S  v 

1-5  VR/C 

MSL 

.5 

B 

CRUISE  (CR) 

V 

range 

VNRT 

MSL 

Cruising 

Ceiling 

H 

2.0 

IX)  ITER  (LO) 

M  Vend 

‘•J  V.nd 

MSL 

Cruising 

Celling 

.5 

2.0 

1  y  U'lf  m'l  fS/i  _i -Ij-xtfy  ^  KJ&  1 

14  vs 

VMAT 

MSL 

Cruising 

Ceiling 

.5 

BSI 

DESCENT  (D) 

1.4  Vs 

VMAT 

MSL 

.5 

2.0 

EMERGENCY  DESCENT  (EO) 

1.4  Vs 

Vma* 

MSL 

Kgram 

muui 

WM 

kzsi 

EMERGENCY  DECELERATION 
(DE) 

1.4  Vs 

V 

sax 

MSL 

Cruising 

Ceiling 

.s 

2.0 

AERIAL  DELIVERY  (AD) 

*.2VS 

200  kt 

MSL 

10,000  ft 

Ml! 

■a 

TAKEOFF  (TO) 

Vaa* 

MSL 

.5 

2.0 

CATAPULT  TAKEOFF  (CT) 

■ 

V 

°ain 
•JO  kt 

MSL 

— 

■  S 

H 

C 

APPROACH  (PA) 

Minimum  Noraal 
Approach  Spaed 

MSL 

10,000  ft. 

.5 

2.0 

WAVE-OFF/GO-AROUND  (WO) 

Mintaua  Noraal 
Approach  Speed 

MSL 

10,000  ft. 

.3 

2.0 

LANDING  (L) 

Mintaua  Noraal 
Landing  Speed 

OB 

MSL 

10,000ft. 

a 

Appropriate  to  the  operational  Billion. 
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Guidance  for  establishing  Operational  Flight  Envelopes  for  various 
Flight  Phases  is  contained  in  Table  I  of  Reference  Al.  The  detail  specifica¬ 
tion  should  be  as  specific  as  possible  about  the  speed  and  altitude  ranges 
over  which  stated  load-factor  capabilities  are  required.  Obviously  limit 
load  factor  cannot  be  attained  at  a  lift-limited  combat  ceiling;  but  normally 
it  would  be  insufficient  at  a  lower  altitude  to  have  y L  capability  at  only 
one  speed.  The  procuring  activity  should,  further,  assure  that  the  Opera¬ 
tional  Flight  Envelopes  encompass  the  flight  conditions  at  which  all  appro¬ 
priate  performance  guarantees  will  be  demonstrated. 

In  setting  the  minimum  approach  speed,  .  (PA),  care  should  be 

v  miff 

taken  to  allow  sufficient  stall  margin.  Commonly  1.2  has  been  used  for 
military  land-based  airplanes  and  1.15  for  carrier-based  airplanes. 

FAR  Part  25  (Reference  A6)  specifies  1.3  for  landing- distance  calculations; 
while  Part  23  (Reference  A19)  specifies  approach  at  1.5  for  these  calcula¬ 
tions  when  required. 


3.1.8  SERVICE  FLIGHT  ENVELOPES 


REQUIREMENT 

3.1.8  Service  Flight  Envelopes.  For  each  Airplane  Normal  State,  the  con¬ 
tractor  shall  establish,  subject  to  the  approval  of  the  procuring  activity. 
Service  Flight  Envelopes  showing  combinations  of  speed,  altitude,  and  normal 
acceleration  derived  from  airplane  limits  as  distinguished  from  mission 
requirements.  For  each  applicable  Flight  Phase  and  Airplane  Normal  State, 
the  boundaries  of  the  Service  Flight  Envelopes  can  be  coincident  with  or  lie 
outside  the  corresponding  Operational  FligVt  Envelopes,  but  in  no  case  shall 
they  fall  inside  those  Operational  boundaries.  The  boundaries  of  the  Service 
Flight  Envelopes  shall  be  based  on  considerations  discussed  in  3. 1.8.1, 

3. 1.8.2,  3. 1.8. 3,  and  3. 1.8.4. 

3. 1.8.1  Maximum  service  speed.  The  maximum  service  speed,  ^'r^ax0T  ^-max  ' 
for  each  altitude  is  the  lowest  of: 

a.  The  maximum  permissible  speed 

b.  A  speed  which  is  a  safe  margin  below  the  speed  at  which  intolerable  buffet 
or  structural  vibration  is  encountered 

c.  The  maximum  airspeed  at  MAT,  for  each  altitude,  for  dives  (at  all  angles) 
from  Vmat  at  ®11  altitudes,  from  which  recovery  can  be  made  at  2000  feet  above 
MSL  or  higher  without  penetrating  a  safe  margin  from  loss  of  control,  other 
dangerous  behavior,  or  intolerable  buffet,  and  without  exceeding  structural 
limits . 

3. 1.8. 2  Minimum  service  speed.  The  minimum  service  speed,  or 

for  each  altitude  is  the  highest  of: 

a.  1.1  Vs 

b.  +10  knots  equivalent  airspeed 

c.  The  speed  below  which  full  airplane-nose-up  elevator  control  power  and 
trim  are  insufficient  to  maintain  straight,  steady  flight. 

d.  The  lowest  speed  at  which  level  flight  can  be  maintained  with  MRT 
and,  for  Category  C  Flight  Phases: 

e.  A  speed  limited  by  reduced  visibility  or  an  extreme  pitch  attitude  that 
would  result  in  the  tail  or  aft  fuselage  contracting  the  ground. 

3. 1.8.3  Maximum  service  altitude.  The  maximum  service  altitude,  ^max  »  for 
a  given  speed  is  the  maximum  altitude  at  which  a  rate  of  climb  of  100  feet 
per  minute  can  be  maintained  in  unaccelerated  flight  with  MAT. 


3. 1.8. 4  Service  load  factors.  Maximum  and  minimum  service  load  factors, 
n(+)  [n(-) ] ,  shall  be  established  as  a  function  of  speed  for  several  signi¬ 

ficant  altitudes.  The  maximum  [minimum]  service  load  factor,  when  trimmed 
for  lg  flight  at  a  particular  speed  and  altitude,  is  the  lowest  [highest] 
algebraically  of: 

(a)  The  positive  [negative]  structural  limit  load  factor 

(b)  The  steady  load  factor  corresponding  to  the  minimum  allowable  stall 
warning  angle  of  attack  (3.4.2. 2. 2) 

(c)  The  steady  load  factor  at  which  the  elevator  control  is  in  the  full 
airplane-nose-up  [nose-down]  position 

(d)  A  safe  margin  below  [above]  the  load  factor  at  which  intolerable  buffet 
or  structural  vibration  is  encountered. 


RELATED  MIL-F-8785  PARAGRAPHS 


3.1.3,  3.1.4 


DISCUSSION 

The  Service  Flight  Envelope  encompasses  the  Operational  Flight 
Envelope  for  the  same  Flight  Phase  and  Airplane  Normal  State.  Its  larger 
volume  denotes  the  extent  of  flight  conditions  that  can  be  encountered 
without  fear  of  exceeding  airplane  limitations  (safe  margins  should  be 
determined  by  simulation  and  flight  test) .  Requirements  are  less  severe 
than  in  the  Operational  Flight  Envelope,  but  still  stringent  enough  that 
a  pilot  can  accomplish  the  mission  Flight  Phase  associated  with  the  Airplane 
Normal  State.  Mission  effectiveness  or  pilot  workload,  or  both,  however, 
may  suffer  somewhat  even  with  no  failures. 

This  Envelope  is  intended  to  ensure  that  any  deterioration  of 
handling  qualities  will  be  gradual  as  flight  progress  out  from  the  limits 
of  the  Operational  Flight  Envelope.  This  serves  two  purposes.  It  provides 
some  degree  of  mission  effectiveness  for  possible  unforeseen  alternate  uses 
of  the  airplane,  and  it  also  allows  for  possible  inadvertent  flight  outside 
the  Operational  Flight  Envelope. 

In  setting  the  maximum  service  speed,  the  designer  need  not  consider 
speed- altitude  combinations  that  can  only  be  reached  in  an  attitude  that 
would  not  permit  recovery  to  level  flight  with  a  nominal  2000  foot  clearance 
above  sea  level  while  remaining  within  the  Service  Flight  Envelope. 

For  engine  failure  during  take-off.  Reference  A1  requires  control 
at  speeds  down  to  V  .  ( T  ' ;  but  requirements  for  engine- out  climb  capability 
are  left  to  performance  specifications. 
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3.1.9  PERMISSIBLE  FLIGHT  ENVELOPES 


REQUIREMENT 

3.1.9  Permissible  Flight  Envelopes.  The  Permissible  Flight  Envelopes  encom¬ 
pass  all  regions  in  which  operation  of  the  airplane  is  both  allowable  and 
possible.  These  are  the  boundaries  of  flight  conditions  outside  the  Service 
Flight  Envelope  which  the  airplane  is  capable  of  safely  encountering.  Stalls, 
spins,  zooms,  and  some  dives  may  be  representative  of  such  conditions.  The 
Permissible  Flight  Envelopes  define  the  boundaries  of  these  areas  in  terms 
of  speed,  altitude,  and  load  factor. 

3. 1.9.1  Maximum  permissible  speed.  The  maximum  permissible  speed  for  each 
altitude  shall  be  the  lowest  of: 

(a)  Limit  speed  based  on  structural  considerations 

(b)  Limit  speed  based  on  engine  considerations 

(c)  The  speed  at  which  intolerable  buffet  or  structural  vibration  is 
encountered 

(d)  Maximum  dive  speed  at  MAT  for  each  altitude,  for  dives  (at  all  angles) 
from  Vmat  a*  a11  altitudes,  from  which  dive  recovery  at  2000  feet  above  MSL  or 
higher  is  possible  without  encountering  loss  of  control  or  other  dangerous 
behavior,  intolerable  buffet  or  structural  vibration,  and  without  exceeding 
structural  limits. 


3. 1.9.2  Minimum  permissible  speed.  The  minimum  permissible  speed  in  lg 
flight  is  Vg  as  defined  in  6.2.2  or  3. 1.9.2. 1. 

3. 1.9. 2.1  Minimum  permissible  speed  other  than  stall  speed.  For  some  air¬ 
planes,  considerations  other  than  maximun  li£t  determine  the  minimum 
permissible  speed  in  lg  flight  (e.g.,  ability  to  perform  altitude  corrections, 
excessive  sinking  speed,  ability  to  execute  a  wave-off  (go-around),  etc.). 

In  such  cases,  an  arbitrary  angle-of-attack  limit,  or  similar  minimum  speed 
and  maximum  load  factor  limits,  shall  be  established  for  the  Permissible 
Flight  Envelope,  subject  to  the  approval  of  the  procuring  activity.  This 
defined  minimum  permissible  speed  shall  be  used  as  Vg  in  all  applicable 
requirements. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.1.2,  3.1.4,  3. 1.4.1 
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DISCUSSION 


It  would  be  unreasonable  to  demand  Level  2  flying  qualities  right 
up  to  stall,  dive,  and  similar  limits.  Therefore  the  Service  Plight 
linvolopos,  where  Level  2  is  demanded  for  normal  operation,  are  cut  short 
of  these  limits. 

The  maximum  permissible  speed  in  dives  or  level  flight,  and  the 
minimum  permissible  spood  in  level  flight,  can  and  must  be  defined  for 
pilots'  information.  Additionally,  some  minimum  airspeed  may  need  to  be 
defined  for  zooms,  to  assure  recoverability.  For  maneuvers  such  as  spins, 
no  minimum  permissible  speed  is  normally  stated;  one  accepts  the  low  air¬ 
speed  attained  in  the  maneuver,  satisfactory  recovery  being  the  only 
criterion.  The  contractor  must  define  at  least  the  boundaries  of  3. 1.9.1 
and  3. 1.9.2  or  3. 1.9.2. 1. 

Paragraph  3. 1.9. 2.1  allows  an  increase  in  the  minimum  permissible 
speed  to  correspond  to  a  minimum  usable  speed,  subject  to  procuring  activity 
approval,  so  that  the  requirements  need  not  apply  in  regions  where  the  air¬ 
plane  would  not  be  flown. 

To  allow  for  upsets,  phugoid  oscillations  and  other  inadvertent 
excursions  beyond  placard  speed,  some  margin  is  often  needed  between  the 
maximum  permissible  speed  and  the  high-speed  boundaries  of  the  Operational 
and  Service  Flight  Envelopes.  The  airplane  should  meet  the  minimal  require¬ 
ments  of  3.1.1U.5.3  in  that  margin.  Such  a  margin  is  not  specified  because 
no  satisfactory  general  requirement  could  be  formulated  at  this  time.  For 
specific  designs,  the  procuring  activity  should  consider  setting  additional 
requirements,  for  example  1.1  VH  (commonly  used  for  structural  specification) 
or  the  upset  requirements  of  FAR  Part  25  (Reference  A6)  and  Advisory 
Circular  AC  25.253-1  (Reference  A20) . 


■V  1,  10  AIM1 1.1  CAT  I  ON  OF  UIVULS 
KliQlIt  KIIMUNT 

3.1,10  Application*  of  Levels.  Level*  of  flying  qualities  **  indicated  In 
1.5  »re  employetTIn  th i i  ipTcT f l c  a  t i on  in  realisation  of  the  possibility  that 
the  Airplane  may  be  required  to  operate  under  abnormal  condition*.  Such 
abnormalities  that  may  occur  a*  a  result  of  either  flight  outside  the  Opera¬ 
tional  Flight  Envelope,  the  failure  of  airplane  components,  or  both,  are 
permitted  to  comply  with  a  degraded  Level  of  flying  qualities  as  specified 
in  5.1.10.1  through  5.1.10.3.5. 

3.1.10.1  Requirements  for  Airplane  Normal  States.  The  minimum  requi rod 
flying  qualities  for  Airplane  Normal  States  (3. 1.6.1)  art  as  shown  in  table  II, 

TABLE  II.  Levels  for  Airplane  Normal  States 


• 

Within 

Operational  Flight 
Envelope 

Within 

Service  Flight 
Envelope 

Level  1 

Lovel  2 

3,1.10.2  Requirements  for  Airplane  Failure  States.  When  Airplane  Failure 
States  exist  (S. 1.6.2),  a  degradation  in  flying  qualities  is  permitted  only 
if  the  probability  of  encountering  a  lower  Level  than  specified  in  3.1.10.1 
is  sufficiently  small.  At  intervals  established  by  the  procuring  uctivity, 
the  contractor  shall  determine,  based  on  the  most  accurate  available  data, 
the  probability  of  occurrence  of  each  Airplane  Failure  State  per  flight  and 
the  effect  of  that  Failure  State  on  the  flying  qualities  within  the  Opera¬ 
tional  and  Service  Flight  Envelopes.  Those  determinations  shall  be  based  on 
MIL-STD-756  except  that  (a)  all  airplane  components  and  systems  are  assumed 
to  be  operating  for  a  time  period,  per  flight,  equal  to  the  longest  opera¬ 
tional  mission  time  to  be  considered  by  the  contractor  in  designing  the 
airplane,  and  (b)  each  specific  failure  is  assumed  to  be  present  at  which¬ 
ever  point  in  the  Flight  Envelope  being  considered  is  most  critical  (in  the 
flying  qualities  sense).  From  these  Failure  State  probabilities  and  effects, 
the  contractor  shall  determine  the  overall  probability,  per  flight,  that  one 
or  more  flying  qualities  are  degraded  to  Level  2  because  of  one  or  more 
failures.  The  contractor  shall  also  determine  the  probability  that  one  or 
more  flying  qualities  are  degraded  to  Level  3.  These  probabilities  shall 
be  less  than  the  values  shown  in  table  III. 


TARLli  III.  Level#  for  Airplane  Failure  State# 


Probability  o< 
Encountering 

Within  Operational 
Flight  Envelope 

Within  Service 
Flight  Envelope 

Level  2  after  failure 

<  10' 2  per  flight 

- ^ 

Level  3  after  failure 

<  10*4  per  flight 

<  10“2  per  flight 

In  no  ea#e  *h«ll  a  Failure  State  (except  an  approved  Special  Failure  State) 
Upgrade  any  flying  quality  outside  the  level  3  limit, 

3.1.10.2.1  Requirements  for  specific  failures.  The  requirements  on  the 
effects  of  specific  types  of*  failures,  e.g,,  propulsion  or  flight  control 
system,  shall  be  met  on  the  basis  tint  the  specific  type  of  failure  has 
occurred,  regardless  of  its  probability  of  occurrence. 

3.1.10,3  Exceptions 

3.1.10.3.1  Ground  operation  and  terminal  Flight  Phases.  Some  requirements 
pertaining  to  takeoff,  landing,  and  taxiing  involve  operation  outside  the 
Operational,  Service  and  Permissible  Flight  Envelopes,  as  at  Vs  or  on  the 
ground.  When  requirements  are  stated  at  conditions  such  as  these,  the  Levels 
shall  be  applied  as  if  the  conditions  were  in  the  Operational  Flight  Envelope. 

3.1.10.3.2  When  levels  are  not  specified.  Within  the  Operational  and  Service 
Flight  Envelopes,  all  requirements  that  are  not  identified  with  specific 
Levels  shall  be  met  under  all  conditions  of  component  and  system  failure 
except  approved  Airplane  Special  Failure  States  (3. 1.6.2. 1). 

3.1.10.3.3  Flight  outside  the  Service  Flight  Envelope.  From  all  points  in 
the  Permissible  Flight  Envelopes,  it  shall  be  possible  readily  and  safely  to 
return  to  the  Service  Flight  Envelope  without  exceptional  pilot  skill  or 
technique,  regardless  of  component  or  system  failures.  The  requirements  on 
stall,  spin,  and  dive  characteristics,  on  dive  recovery  devices,  and  on 
approach  to  dangerous  flight  conditions  shall  also  apply. 

RELATED  MIL-F-878S  PARAGRAPHS 

None 

DISCUSSION 

Concept 


Higher  performance  of  aircraft  has  led  to  ever- expanding  Flight 
Envelopes,  increased  control  system  complexity,  and  the  necessity  to  face 
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til*  problem  of  equipment  failure*  in  a  realistic  manner,  The  l.ove)  concept 
la  directed  at  the  achievement  of  adequate  flying  qualltiea  without  Imposing 
undue  requi romonta  that  could  lead  to  unwarranted  system  complexity  or 
decreased  flight  safety,  Without  actually  requiring  a  good  basic  airframe, 
tlr  general  apeci fication  provide*: 

e  High  probability  of  good  flying  qualities  where  the 
airplane  ia  expected  to  be  used 

e  Acceptable  flying  qualltiea  in  reasonably  likely, 
yet  infrequently  expected,  conditions 

•  A  floor  to  assure,  to  the  greatest  extent  possible, 
at  least  a  flyable  airplane  no  matter  what  failures 
occur 

e  A  process  to  assure  that  ail  the  ramifications  of 

reliance  on  powered  controls,  stability  augmentation, 
etc.,  receive  proper  attention 

In  short,  a  systems  approach  to  requirement  specification  is  used.  The 
following  paragraphs  discuss  this  concept  in  some  detail. 

The  Level  approach  is  straightforward  in  concept.  The  requirements 
specified  for  normal  operation  (no  system  failures)  provide  desirable 
flying  qualities.  Equipment  failures,  however,  either  in  the  flight  control 
system  or  other  subsystems,  can  cause  a  degradation  in  flying  qualities, 

The  emphasis  in  Reference  A1  is  on  the  effects  of  failures,  rather  than  the 
failures  themselves.  Limited  degradation  of  flying  qualities  (e.g.,  Level  1 
to  Level  2)  is  acceptable  if  the  combined  probability  of  such  degradation  is 
small.  If  the  probability  is  high,  then  no  degradation  beyond  the  Level 
required  for  Normal  States  is  acceptable  after  the  failure  occurs.  Another 
way  of  stating  this  is  that  in  the  Operational  Envelope  the  probability  of. 
encountering  Level  2  any  time  at  all  on  a  given  flight  must  not  exceed  10'  ,  and 
the  probability  of  encountering  Level  3  on  any  portion  of  the  flight  must  not 
exceed  10-4,  Somewhat  reduced  requirements  are  also  imposed  for  flight 
within  the  Service  Flight  Envelope,  for  both  Normal  and  Failure  States. 

Outside  the  Service  Flight  Envelope,  most  of  the  requirements  of  MIL-F-878SB 
do  not  apply.  There  is  a  qualitative  requirement  in  3.1.10.3.3,  and  3.1.10.3.1 
and  3.1.10.3.3  refer  to  the  requirements  that  do  still  apply. 

Numerical  Probabilities 


The  numerical  values  can,  of  course,  be  changed  by  the  procuring 
agency  to  reflect  specific  requirements  for  a  given  weapon  system.  The 
procuring  activity  engineer  should,  as  a  matter  of  course,  confer  with  both 
the  using  command  representative  and  the  reliability  engineers  to  assure  that 
the  probabilities  associated  with  the  Levels  are  consistent  with  the  design 
goals.  However,  the  values  given  are  reasonable,  based  on  experience  with 
contemporary  aircraft.  To  illustrate  this,  the  following  table  presents  actual 
control  system  failure  information  for  several  piloted  aircraft: 
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Source 

System 

Mean  Time  Between  Malfunctions 

““  thffbMV 

Ref  Jbf» 

F-‘101B 

86  hours 

Kef  J65 

F- 104 

300  hours 

Ref  .165 

F- 1050  (Flight  Control 
plus  Electronics) 

14  hours 

Ref  Jb5 

B- IB 

185  hours 

Ref  J66 

B-58 

20  hours 

Unfortunately  the  flying  qualitiea  effects  of  the  reported  failures  are  not 
given  along  with  the  above  data.  Reference  J67  indicates,  however,  that  the 
mean  time  between  "critical"  failures  is  about  five  times  the  MTBM.  If 
"critical"  failures  are  ones  that  degrade  one  or  more  flying  qualities  to 
Level  2,  then  for  a  typical  average  flight  time  of  four  hours: 

P(Level  2)  ■  Probability  of  encountering  Levol  2  flying  qualities 
during  a  single  flight 

-V/| 

■  f  C 

.  ¥ 

S(MT4M) 


This  yields: 


System  P( Level  2) 


F-101B 

.0093 

F- 104 

.0027 

F-10SD 

.057 

E-  IB 

.0043 

B-58 

.040 

which  indicates  that  all  systems,  with  the  exception  of  the  F-10SD  (where 
electronic  components  represented  in  the  data  might  not  degrade  flying 
qualities  upon  failure)  and  the  B-58,  meet  the  requirement  for  P(Level  2) 

<  10~2  (or  one  out  of  a  hundred  flights).  Numbers  of  roughly  the  same 
magnitude  have  been  used  for  both  American  (Reference  A13)  and  Anglo-French 
(Reference  All)  supersonic  transport  design. 

A  similar  comparison  can  be  made  between  accident  loss  rates  and  the 
requirement  for  P(Level  3)  *■  10-4.  it  should  be  emphasized  that  Level  3 
as  defined  in  paragraph  1.5  and  in  the  requirements  represents  a  safe  aircraft 
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to  fly.  However,  due  to  a  lack  of  knowledge  in  some  instances,  especially 
when  many  flying  qualities  are  degraded  at  once,  the  Level  3  boundaries  are 
at  least  "safety  related."  Reference  B108  indicates  the  following  aircraft 
accident  loss  rates  during  1967.  Also  shown  is  the  probability  of  aircraft 
loss,  per  4-hour  flight,  for  an  assumed  exponential  loss  distribution. 


Aircraft 

1967  Loss  Rate 
(Losses/ 100,000  hrs) 

Probability  of  Loss 
during  4-Hour  Flight 

F- 101 

15 

-4 

6  x  10 

F- 104 

23 

9.2  x  10"4 

F- 105 

17 

6.8  x  10‘4 

F- 106 

10 

-4 

4  x  10 

F-4 

14.1 

5.64  x  10'4 

F- 102 

9 

3.6  x  10'4 

F-100 

10 

4  x  10"4 

Avg  14 

Avg  5.6  x  10_4 

If  Level  3  represented  a  safety  problem,  which  it  conservatively  does  not , 
then  the  allowable  10-4  probability  of  encounter  per  flight  would  account 
for  about  1/4  to  1/9  of  the  total  probability  of  aircraft  loss.  That  is, 
flying-qualities-oriented  losses  would  represent  about  1/4  to  1/9  of  all 
losses.  Other  losses  could  be  due  to  engine  failures,  etc.  Based  on 
experience,  therefore,  the  specified  value  is  reasonable. 

As  a  final  note.  Reference  B109  indicates  an  Army  aircraft  accident 
rate  of  22.2/100,000  hours  which  is  very  close  to  the  previously  cited 
experience  with  a  number  of  Air  Force  aircraft. 

Implementation 

Implementation  of  the  Level  concept  involves  both  reliability 
analyses  (to  predict  failure  probabilities)  and  failure  effect  analyses  (to 
insure  compliance  with  requirements).  Both  types  of  analyses  are  in  direct 
accord  with,  and  in  the  spirit  of,  MIL-STD-756A  (reliability  prediction) 
and  MIL-S-38130A  (safety  engineering).  These  related  specifications  are, 
in  turn,  mandatory  for  use  by  all  Departments  and  Agencies  of  the  Department 
of  Defense.  Implementation  of  the  flying  qualities  specification  is,  for 
the  most  part,  a  union  of  the  work  required  by  these  related  specifications 
with  normal  stability  and  control  analysis. 

Failure  States  influence  the  airplane  configurations,  and  even  the 
mission  Flight  Phases,  to  be  considered.  All  failures  must  be  examined  which 
could  have  occurred  previously,  as  well  as  all  failures  which  might  occur  during 
the  Flight  Phase  being  analyzed.  For  example,  failure  of  the  wings  to  sweep 
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forward  during  descent  would  require  consideration  of  a  wings-aft  landing 
that  otherwise  would  never  be  encountered.  There  are  failures  that  would 
always  result  in  an  aborted  mission,  even  in  a  war  emergency.  The  pertinent 
Flight  Phases  after  such  failures  would  be  those  required  to  complete  the 
aborted  (rather  than  the  planned)  mission.  For  example,  failure  of  the  flaps 
to  retract  after  takeoff  might  mean  a  landing  with  flaps  at  the  take-off 
setting,  with  certain  unexpended  external  stores;  but  supersonic  cruise  would 
be  impossible.  If  the  mission  might  be  either  continued  or  aborted,  both 
contingencies  need  to  be  examined. 

There  are  some  special  requirements  pertaining  to  failure  of  the 
engines  and  the  flight  control  system.  For  these  special  requirements  the 
pertinent  failure  is  assumed  to  occur  (with  a  probability  of  1),  with  other 
failures  considered  at  their  own  probabilities.  For  all  other  requirements, 
the  actual  probabilities  of  engine  and  flight  control  system  failure  are  to 
be  accounted  for  in  the  same  manner  as  for  other  failures. 

Note  that  specific  Special  Failure  States  (3. 1.6.2. 1)  may  be 
approved:  these  Failure  States  need  not  be  considered  in  determining  the 
probability  of  encountering  degradation  to  Level  3.  This  allows  each 
catastrophic  failure  possibility  to  be  considered  on  its  own.  Requiring 
approval  for  each  Special  Failure  State  gives  the  procuring  activity  an 
opportunity  to  examine  all  the  pertinent  survivability  and  vulnerability 
aspects  of  each  design.  Survivability  and  vulnerability  are  important 
considerations,  but  it  has  not  yet  been  possible  to  relate  any  specific 
flying  qualities  requirements  to  them. 

A  typical  approach  (but  not  the  only  one)  for  the  system  contractor  is 
outlined  below: 

Initial  Design:  The  basic  airframe  is  designed  for  a  Level  1  "target" 
Tn  respect  to  most  flying  qualities  in  the  Operational  Flight  Envelope. 
It  may  quickly  become  apparent  that  some  design  penalties  would  be 
inordinate  (perhaps  to  provide  sufficient  aerodynamic  damping  of  the 
short-period  and  Dutch-roll  modes  at  high  altitude);  in  those  cases 
the  basic-airframe  "target"  would  be  shifted  to  Level  2.  In  other 
cases  it  may  be  relatively  painless  to  extend  some  Level  1  flying 
qualities  over  the  wider  range  of  the  Service  Flight  Envelope. 

Generally  the  design  will  result  in  Level  1  flying  qualities  in  some 
regions  and,  perhaps,  Level  2  or  Level  3  in  others.  Augmentation  of 
one  form  or  another  (aerodynamic  configuration  changes,  response 
feedback,  control  feedforward,  signal  shaping,  etc.)  would  be  in¬ 
corporated  to  bring  flying  qualities  up  to  Level  1  in  the  Operational 
Flight  Envelope  and  to  Level  2  in  the  Service  Flight  Envelope. 

Initial  Evaluation:  The  reliability  and  failure  mode  analyses  are 
next  performed  to  evaluate  the  nqminal  system  design  evolved  above. 

All  aircraft  subsystem  failures  that  affect  flying  qualities  are  con¬ 
sidered.  Failure  rate  data  for  these  analyses  may  be  those  specified 
in  the  related  specifications,  other  data  with  supporting  substan¬ 
tiation  and  approval  as  necessary,  or  specific  values  provided  by  the 
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procuring  agency.  Prediction  methods  used  will  be  in  accordance  with 
related  specifications.  The  results  of  this  evaluation  will  provide: 
a)  a  detailed  outline  of  design  points  that  are  critical  from  a  flying 
qualitiss/flight  safety  standpoint,  b)  quantitative  predictions  of 
the  probability  of  encountering  Level  2  in  a  single  flight  within  the 
Operational  Envelope,  Level  3  in  the  Operational  Envelope,  and  Level  3 
in  the  Service  Envelope,  and  c)  recommend  airframe/equipment  changes 
to  improve  flying  qualities  or  increase  subsystem  reliability  to  meet 
the  specification  requirements.  It  should  be  noted  that  the  flying 
qualities/f light  safety  requirements  are  concerned  with  failure  mode 
effects,  while  other  specifications  provide  reliability  requirements 
per  se  (all  failures  regardless  of  failure  effects).  In  the  event  of 
a  conflict,  the  most  stringent  requirement  should  apply. 

Re-evaluation:  As  the  system  design  progresses,  the  initial  evalua- 
tion  is  revised  at  intervals.  This  process  continues  throughout  the 
design  phase. 

The  results  of  the  analyses  of  vehicle  flying  qualities/flight  safety 

may  be  used  directly  to:  a)  establish  flight  test  points  that  are 

critical  and  should  be  emphasized  in  the  flight  test  program,  b) 

establish  pilot  training  requirements  for  the  most  probable,  and 

critical,  flight  conditions,  and  c)  provide  guidance  and  requirements  '  ^ 

for  other  subsystem  designs.  Proof  of  compliance  is,  for  the  most 

part,  analytical  in  nature  as  far  as  probabilities  of  failure  are 

concerned.  However,  some  equipment  failure  rate  data  may  become 

available  during  final  design  phases  and  during  flight  test,  and  any  *+ 

data  from  these  or  other  test  programs  should  be  used  to  further  *  * 

demonstrate  compliance.  Stability  and  control  data  of  the  usual  type 

(e.g.,  predictions,  wind  tunnel,  flight  test)  will  also  be  used  to 

demonstrate  compliance.  Finally,  the  results  of  all  analyses  and 

tests  will  be  subject  to  normal  procedures  of  procuring  agency  „  v 

approval . 

In  summary,  the  Level  concept  was  evolved  in  recognition  of  the  obvious 
fact  that  flying  qualities,  flight  safety,  and  system  reliability  are  all  very 
much  related  in  the  development  of  current  piloted  aircraft.  This  inter¬ 
relationship  is  being  exploited  to  improve  aircraft  in  terms  of  overall 
effectiveness.  The  net  result  can  be  system  improvement  with  a  minimum 
expenditure  of  effort.  Examples,  using  a  similar  approach,  are  presented  in 
References  J68,  J69,  J70  and  J71. 

Notes 


Additional  insight  is  given  in  paragraph  6,7  of  Reference  A1 : 

"6.7  Application  of  Levels.  Part  of  the  intent  of  3.1.10  is  to  ensure  that 
the  probability  of  encountering  significantly  degraded  flying  qualities 
because  of  component  or  subsystem  failures  is  small.  For  example,  the 
probability  of  encountering  very  degraded  flying  qualities  (Level  3)  must  be 
less  than  specified  values  per  flight. 
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"6.7.1  Theoretical  compliance.  To  determine  theoretical  compliance  with  the 
requirements  of  3.1.10.2,  the  following  steps  must  be  performed: 

a.  Identify  those  Airplane  Failure  States  which  have  a  significant  effect  on 
flying  qualities  (3. 1.6.2) 

b.  Define  the  longest  flight  duration  to  be  encountered  during  operational 
missions  (3.1.1) 

c.  Determine  the  probability  of  encountering  various  Airplane  Failure  States, 
per  flight,  based  on  the  above  flight  duration  (3.1.10.2) 

d.  Determine  the  degree  of  flying  qualities  degradation  associated  with  each 
Airplane  Failure  State  in  terms  of  Levels  as  defined  in  the  specific  require¬ 
ments 

e.  Determine  the  most  critical  Airplane  Failure  States  (assuming  the  failures 
are  present  at  whichever  point  in  the  Flight  Envelope  being  considered  is  most 
critical  in  a  flying  qualities  sense),  and  compute  the  total  probability  of 
encountering  Level  2  flying  qualities  in  the  Operational  Flight  Envelope  due 
to  equipment  failures.  Likewise,  compute  the  probability  of  encountering 
Level  3  qualities  in  the  Operational  Flight  Envelope,  etc. 

f.  Compare  the  computed  values  above  with  the  requirements  in  3.1.10.2  and 
3.1.10.3.  An  example  which  illustrates  an  approximate  estimate  of  the 
probabilities  of  encounter  follows:  if  the  failures  are  all  statistically 
independent,  determine  the  sum  of  the  probabilities  of  encountering  all 
Airplane  Failure  States  which  degrade  flying  qualities  to  Level  2  in  the 
Operational  Envelope.  This  sum  must  be  less  than  10-2  per  flight. 

If  the  requirements  are  not  met,  the  designer  must  consider  alternate  courses 
such  as : 

a.  Improve  the  airplane  flying  qualities  associated  with  the  more  probable 
Failure  States,  or 

b.  Reduce  the  probability  of  encountering  the  more  probable  Failure  States 
through  equipment  redesign,  redundancy,  etc. 

Regardless  of  the  probability  of  encountering  any  given  Airplane  Failure  States 
(with  the  exception  of  Special  Failure  States)  the  flying  qualities  shall  not 
degrade  below  Level  3. 

"6.7.2  Level  definitions.  To  determine  the  degradation  in  flying  qualities 
parameters  for  a  given  Airplane  Failure  State  the  following  definitions  are 
provided: 

a.  Level  1  is  better  than  or  equal  to  the  Level  1  boundary,  or  number,  given 
in  section  3. 
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b.  Level  2  is  worse  than  Level  1,  but  no  worse  than  the  Level  2  boundary,  or 
number. 

c.  Level  3  is  worse  than  Level  2,  but  no  worse  than  the  Level  3  boundary, 
or  number. 

When  a  given  boundary,  or  number,  is  identified  as  Level  1  and  Level  2,  this 
means  that  flying  qualities  outside  the  boundary  conditions  shown,  or  worse 
than  the  number  given,  are  at  best  Level  3  flying  qualities.  Also,  since 
Level  1  and  Level  2  requirements  are  the  same,  flying  qualities  must  be  within 
this  common  boundary,  or  number,  in  both  the  Operational  and  Service  Flight 
Envelopes  for  Airplane  Normal  States  (3.1.10.1).  Airplane  Failure  States  that 
do  not  degrade  flying  qualities  beyond  this  common  boundary  are  not  considered 
in  meeting  the  requirements  of  3.1.10.2.  Airplane  Failure  States  that 
represent  degradations  to  Level  3  must,  however,  be  included  in  the  computation 
of  the  probability  of  encountering  Level  3  degradations  in  both  the  Operational 
and  Service  Flight  Envelopes.  Again  degradation  beyond  the  Level  3  boundary  is 
not  permitted  regardless  of  component  failures. 

"6.7.3  Computational  assumptions .  Assumptions  a  and  b  of  3.1.10.2  are  some¬ 
what  conservative,  but  they  simplify  the  required  computations  in  3.1.10.2  and 
provide  a  set  of  workable  ground  rules  for  theoretical  predictions.  The 
reasons  for  these  assumptions  are: 

a.  '...  components  and  systems  are  ...  operating  for  a  time  period  per  flight 
equal  to  the  longest  operational  mission  time  . . . '  .  Since  most  component 
failure  data  are  in  terms  of  failures  per  flight  hour,  even  though  continuous 
operation  may  not  be  typical  (e.g.  yaw  damper  on  during  supersonic  flight  only), 
failure  probabilities  must  be  predicted  on  a  per  flight  basis  using  a  'typical' 
total  flight  time.  The  'longest  operational  mission  time'  as  'typical'  is  a 
natural  result.  If  acceptance  cycles -to- failure  reliability  data  are  available 
(MIL-STD- 756) ,  these  data  may  be  used  for  prediction  purposes  based  on  maximum 
cycles  per  operational  mission,  subject  to  procuring  activity  approval.  In  any 
event,  compliance  with  the  requirements  of  3.1.10.2,  as  determined  in  accordance 
with  Section  4,  is  based  on  the  probability  of  encounter  per  flight. 

b.  failure  is  assumed  to  be  present  at  whichever  point  ...  is  most 
critical  ...'.  This  assumption  is  in  keeping  with  the  requirements  of  3. 1.6.2 
regarding  Flight  Phases  subsequent  to  the  actual  failure  in  question.  In 
cases  that  are  unrealistic  from  the  operational  standpoint,  the  specific 
Airplane  Failure  States  might  fall  in  the  Airplane  Special  Failure  State 
classification  (3. 1.6.2. 1) . " 

For  predicting  failure,  no  account  is  taken  of  the  likelihood  of  the 
different  possible  flight  conditions.  A  given  flight  may  be  entirely  within 
the  Operational  Flight  Envelope  or  largely  outside  it,  as  with  practice  stalls. 
The  flight  may  involve  many  Phases  or  only  a  few,  as  with  practice  approaches. 

In  view  of  these  factors  and  normal  changes  in  operational  use,  it  seems 
impractical  in  a  design  specification  to  apportion  time  among  Flight  Phases  or 
other  flight  conditions  for  this  purpose. 
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Paragraphs  3.1.10.2.1  through  3.1.10.3.3  enumerate  special  applications 
of  the  Level  concept,  tailoring  it  to  fit  several  different  instances.  Perti¬ 
nent  paragraphs  of  Reference  A1  are  listed  below: 

3.1.10.2.1  Requirements  for  specific  failures. 

3. 3. 9-3. 3. 9. 5,  3.4.9,  3.4.10,  3. 5. 5-3. 5. 5. 2,  3. 4. 2. 4.1 

3.1.10.3.1  Ground  operation  and  terminal  Flight  Phases. 

3. 2. 3. 3-3. 2. 3. 3. 2,  3. 2. 3. 4,  3. 2.3.4. 1,  3. 3. 7-3. 3. 7. 3, 

3. 3.9-3. 3.9. 5,  3. 4. 1.2 

3.1.10.3.2  When  Levels  are  not  specified. 

Paragraphs  too  numerous  to  mention. 

3.1.10.3.3  Flight  outside  the  Service  Flight  Envelope. 

3. 2.3.6,  3.3.8,  3. 4. 1-3. 4. 3 
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3.2  LONGITUDINAL  FLYING  QUALITIES 


DISCUSSION 


Section  3.2  deals  with  basically  the  sane  subjects  treated  in  Section 
3.3  of  MIL-F-8785.  The  major  changes  are  in  the  areas  of  static  stability, 
phugoid  stability,  short-period  response,  stick  force  per  g,  and  stick  forces 
in  sudden  pull-ups.  A  new  requirement  has  been  added  concerning  operation  on 
the  backside  of  the  power- required  curve. 

In  addition  to  extensive  changes  to  individual  requirements,  the 
entire  longitudinal  flying  qualities  section  has  been  reorganized  in  an  attempt 
to  group  paragraphs  more  logically.  All  the  subjects  having  to  do  with  long¬ 
term  stability  and  trim  changes  with  speed  have  been  grouped  under  3.2.1, 
longitudinal  stability  with  respect  to  speed.  All  the  subjects  dealing  with 
short-term  response  to  rapid  control  inputs  at  essentially  constant  speed  are 
grouped  under  3.2.2,  longitudinal  maneuvering  characteristics.  Miscellaneous 
control  effectiveness  and  force  requirements  then  follow  under  3.2.3,  longitu¬ 
dinal  control. 


The  MIL-F-8785  paragraphs  dealing  with  longitudinal  trim  changes  caused 
by  actuation  of  drag  devices,  gear,  flaps,  etc.  have  been  moved  to  Section  3.6, 
characteristics  of  secondary  control  systems.  This  was  done  because  these 
particular  trim  changes  are  primarily  characteristic  of  these  secondary  control 
devices,  rather  than  the  basic  airframe. 


3.2.1  LONGITUDINAL  STABILITY  WITH  RESPECT  TO  SPEED 


DISCUSSION 

The  requirements  of  the  subparagraphs  under  3.2.1  deal  with  long-term 
stability  with  respect  to  speed.  The  major  topics  discussed  are  static 
stability,  phugoid  damping,  and  flight-path  stability. 

Static  stability  and  phugoid  damping  describe  the  airspeed  response 
characteristics  when  the  stick  is  either  free  or  fixed.  Static  stability  means 
that  restoring  pitching  moments  are  generated  when  the  airspeed  is  disturbed 
from  trim.  This  airspeed  stiffness  gives  rise  to  a  second-order  phugoid  mode, 
which  is  usually  oscillatory  with  slightly  positive  or  negative  damping,  but 
may  also  be  overdamped  (two  negative  real  roots).  Static  instability,  on  the 
other  hand,  means  that  the  phugoid  mode  has  degenerated  into  two  first-order 
modes,  one  of  which  is  an  aperiodic  divergence.  For  ease  of  analysis  and  test, 
requirements  on  control  gradients  with  speed  were  selected  as  the  means  to 
prevent  aperiodically  divergent  modes. 

The  relationships  between  static  and  phugoid  stability  are  discussed 
more  fully  under  3. 2. 1.1.  The  static  stability  requirement  may  be  somewhat 
conservative  at  high  speed.  Air  density  variation  during  the  altitude  oscilla¬ 
tions  tends  to  shorten  the  phugoid  period;  but  the  corresponding  change  in 
Mach  number  as  temperature  varies  with  altitude,  or  the  change  in  thrust  with 
altitude,  could  either  increase  or  decrease  stability.  These  effects  (Reference 
Bll)  will  not  be  apparent  in  static  stability  tests  at  constant  altitude. 

Phugoid  period  and  damping  have  meaning  only  in  nominally  level  or  near- 
level  flight.  At  appreciable  flight-path  angles  the  characteristics  may  change 
significantly  during  even  one  period  of  the  motion.  Nevertheless,  meeting  the 
static  stability  requirement  at  all  altitudes  in  level  flight  with  a  climb 
thrust  setting  helps  assure  that  the  long-period  motion  in  a  climb  is  bounded. 

All  the  discussions  of  the  static  stability  and  phugoid  paragraphs  are  restricted 
to  near- level  flight. 

The  discussions  of  dynamic  theory  are  in  terms  of  the  stability-axes 
equations  of  motion  as  presented  in  Reference  B73  for  a  straight-and-level- 
f light  operating  point: 

~  £ *ur)" 

-  u  -(Mj.  Mw)  u/  +  (s- My'sQ  «  Mg. 8 

These  equations  neglect  atmospheric  gradients  with  altitude,  but  they  are  still 
adequate  for  the  present  purpose.  The  air-density  gradient  introduces  an 
additional,  but  exceedingly  small,  characteristic  root  which  is  neglected  here 
and  in  Reference  Al. 


3. 2. 1.1  LONGITUDINAL  STATIC  STABILITY 


REQUIREMENT 

3. 2. 1.1  Longitudinal  static  stability.  There  shall  be  no  tendency  for  the 
airspeed  to  aiverge  aperiodically  when  the  airplane  is  disturbed  from  trim 
with  the  cockpit  controls  fixed  and  with  them  free.  This  requirement  will 
be  considered  satisfied  if  the  variations  of  elevator  control  force  and 
elevator  control  position  with  airspeed  are  smooth  and  the  local  gradients 
stable,  with: 

Trimmer  and  throttle  controls  not  moved  from  the  trim  settings  by  the  crew, 
and 

lg  acceleration  normal  to  the  flight  path,  and 
Constant  altitude 

over  a  range  about  the  trim  speed  of  ±15  percent  or  ±50  knots  equivalent  air¬ 
speed,  whichever  is  less  (except  where  limited  by  the  boundaries  of  the  Service 
Flight  Envelope).  Stable  gradients  mean  increasing  pull  forces  and  aft  motion 
of  the  elevator  control  to  maintain  slower  airspeeds  and  the  opposite  to 
maintain  faster  airspeeds.  The  term  gradient  does  not  include  that  portion 
of  the  control  force  or  control  position  versus  airspeed  curve  within  the 
preloaded  breakout  force  or  friction  range. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.3.1,  3.3.1. 1,  3.3.2,  3. 3. 2.1 


DISCUSSION 

Introduction 


Paragraphs  3.3.1,  3.3. 1.1,  3.3.2,  and  3.3.2. 1  of  MIL-F-8785  are  written 
in  terms  of  neutral  points,  control  force  variations  with  speed,  and  static 
stability  with  respect  to  angle  of  attack  at  constant  speed.  According  to  the 
definitions  in  MIL-F-8785,  neutral  points  are  related  to  control  force  and 
position  gradients  with  speed.  The  static  stability  with  respect  to  angle  of 
attack  at  constant  speed,  however,  is  only  partially  related  to  the  neutral 
points  as  defined  in  MIL-F-8785  (principally  because  of  the  effect  of  Mu)  and 
is  very  difficult  to  measure  in  flight  test.  Since  there  are  many  different 
interpretations  of  the  terms  "static  stability"  and  "neutral  point",  and  since 
MIL-F-8785  in  this  area  is  not  entirely  clear,  it  was  decided  to  completely 
rewrite  the  static  stability  paragraphs. 

The  primary  purpose  of  the  static  stability  paragraphs  of  MIL-F-8785 
is  to  prevent  divergences  in  airspeed  and  angle  of  attack  which  might  remain 
undetected  by  a  busy  pilot  so  that,  at  the  worst,  the  airplane  would  end  up  in 
an  unsafe  flight  condition  or  run  out  of  control  available  for  recovery.  A 
statement  banning  such  divergences  was  therefore  made  the  primary  requirement 
of  3.2.1. 1. 
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Airplanes  having  certain  types  of  SAS,  such  as  maneuver-command 
systems,  have  zero  gradients  of  control  and  position  with  speed  yet  can  be 
quite  stable  with  respect  to  external  disturbances.  If  such  systems  meet 
the  primary  intent  of  3. 2. 1.1,  i.e.,  positive  stability  with  respect  to  speed, 
paragraph  3.2.1. 1  should  not  be  interpreted  as  disallowing  these  systems. 

FAR  Part  25  (Reference  A6)  has  no  controls-f ixed  stability 
requirement,  relying  on  stable  force  gradients  and  certification  flight  tests 
to  assure  adequate  flight  safety.  In  a  procurement  specification,  however, 
it  is  reasonable  to  require  more  than  in  a  regulatory  specification.  Reference 
A1  is  more  lenient  than  Reference  A6  on  force  gradients. 

Several  techniques  for  measuring  static  longitudinal  stability  are 
discussed  in  Appendix  IVA.  Although  the  requirement  is  stated  in  terms  of 
constant-altitude  flight,  one  generally  acceptable  flight  test  method  involves 
small  altitude  changes. 

The  requirement  is  applied  over  a  limited  range  (±15%  or  *50  kt)  about 
the  trim  speed  so  that  the  designer  will  not  be  forced  to  provide  stability 
where  a  pilot  could  be  expected  to  retrim,  or  where  the  pilot  force  is  excessive. 
Note  that,  in  general,  the  curve  of  the  pilot  force  versus  airspeed  is  nonlinear. 

Control-Surface-Fixed  Instability 

The  Level  3  requirements  generally  apply  in  the  worst  possible  Failure 
States.  Except  for  approved  Special  Failure  States,  then,  3. 2. 1.1  does  not 
permit  basic-airframe  speed  instability  (elevator  surface  fixed).  Cases  will 
arise,  however,  in  which  the  procuring  activity  is  asked  to  consider  allowing 
basic- airframe  instability  as  a  Special  Failure  State.  Even  if  the  reliability 
of  stability  augmentation  should  be  judged  sufficiently  high,  or  if  the  degree 
of  instability  seems  acceptable  in  itself,  a  number  of  aspects  of  combined 
airframe- flight  control  system  behavior  in  normal  operation  need  to  be  examined 
before  accepting  appreciable  instability  in  a  Special  Failure  State. 

Obviously,  extremes  of  either  stability  or  instability  require  more 
control  to  balance  the  airplane  throughout  an  angle-of-attack  range.  In  the 
stable  ,ase,  at  the  control  limit  the  airplane  at  least  has  a  restoring 
tendency.  But  when  an  airplane  has  an  unstable  variation  of  elevator-surface 
position  with  airspeed,  the  surface  position  required  to  maintain  off-trim 
airspeeds  is  in  a  direction  which  reduces  the  control  available  to  initiate 
recovery  to  the  trim  speed.  If  the  unstable  gradient  is  large  enough,  the 
pilot  could  fly  far  enough  off  the  trim  speed  that  there  would  be  no  elevator 
control  available  for  recovery.  With  the  elevator  against  the  stops,  the 
airspeed  would  continue  to  diverge  and  the  pilot  would  be  powerless  to  prevent 
it  from  doing  so.  Examples  of  this  behavior  can  be  found  in  Mach  tuck  for 
subsonic  airplanes  and  during  wave-offs  for  some  propeller-driven  airplanes. 


For  Airplane  Normal  States,  then,  over  the  entire  permissible  range 
of  speed  and  altitude,  safety  comparable  to  that  Of  a  stable  basic  aTrframe 
would  require  pilot-control  and  control -surface  authority  to  balance  the 
airplane  at  positive  and  negative  ultimate  load  factors,  with  some  margin  of 
control  power  remaining,  wherever  the  basic  airframe  is  unstable.  (In  flight 
test,  of  course,  limit  load  factor  would  not  intentionally  be  exceeded.)  For 
a  given  configuration,  the  elevator  surface  and  control  positions  for  balance 
determine  the  amount  of  control  authority  left  for  stabilization  and  control. 
The  relative  authority  and  interactions  of  command,  augmentation  and  trim 
controls  are  important  considerations.  Authority  and  rate  saturation  may  be 
particularly  important  consideration  for  dual-purpose  controls  such  as  elevons. 

In  both  Normal  and  Failure  States,  the  augmentation  must  maintain 
appropriate  levels  of  stability  in  responses  to  both  control  and  disturbance 
inputs.  For  a  basically  unstable  airframe,  the  sizes  of  these  inputs  should 
be  stated  specifically,  rather  than  taking  the  primarily  qualitative  approach 
of  Reference  Al.  Some  margin  above  structural  design  gusts  and  turbulence 
might  be  suitable.  Hard-over  failures  should  be  made  impossible  in  the  flight 
control  system;  engine-failure  transients  conceivably  could  be  critical.  Large 
control  inputs  of  various  forms  and  phasing  should  be  considered.  The  response 
to  disturbances  during  commanded  maneuvers  must  be  considered.  The  effect 
of  flight  at  off-trim  conditions  on  all  these  factors  must  be  examined. 

In  addition,  the  stall  requirements  under  3.4.2  and,  if  applicable, 
the  spin  recovery  requirements  of  3.4.3  must  be  met.  Survivability  after 
damage  to  the  flight  control  system  may  be  an  additional  consideration. 

Dynamic  Theory 

The  two  most  common  causes  of  static  instability  are  the  center  of 
gravity  being  too  far  aft  (/^positive)  andAf^  being  negative.  In  both  these 
cases,  a  single  real  root  will  generally  become  unstable  as  the  critical 
loading  or  flight  condition  is  approached,  as  shown  in  the  following  sketches 
(the  scale  of  the  sketches  is  exaggerated  in  the  vicinity  of  the  origin). 

These  sketches  were  made  by  treating  A^and  respectively,  in  the  longitudinal 
characteristic  equation  (written  in  terms  of  the  literal  stability  derivatives) 
as  gains  in  a  root  locus  analysis. 
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LOCATION  OF  ROOTS  WITH  ATWELL  NEGATIVE  AND  =  0 
LOCATION  OF  ROOTS  WITH  NEUTRAL  STATIC  STABILITY 
LOCATION  OF  ROOTS  WITH  F*/v  ■  0 
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EFFECT  OF^BECOMING  POSITIVE  (/W*=  0) 


EFFECT  OF  Mu  BECOMING  NEGATIVE  (NORMAL  VALUES  OF^) 


When  a  single  real  root  does  become  unstable,  the  presence  of  the 
unstable  root  can  be  detected  analytically  by  the  sign  of  the  constant  term 
of  the  characteristic  equation.  With  the  elevator  fixed,  for  instance,  the 
airspeed  will  diverge  from  trim  when  the  constant  term  becomes  negative: 

f  (**  M„-  *ur\) 

where  the  vertical  force  and  pitching  moment  derivatives  include  the  effects 
of  engine  thrust  as  well  as  airframe  aerodynamics. 


58 


With  two  unstable  real  roots  (or  any  even  number  of  such  roots),  the 
constant  term  of  the  characteristic  equation  can  still  be  positive.  In  tms 
I  case  the  presence  of  divergence  modes  will  be  indicated  by  other  coefficients 
*  or  Routh's  discriminant  of  the  characteristic  equation  being  negative  and,  of 
course,  by  factoring  the  characteristic  equation.  This  is  not  a  common  occur¬ 
rence,  however;  therefore  the  criterion 

)  *UMU 

is  usually  sufficient  to  ensure  that  there  are  no  first-order  divergent  modes 
present. 

When  determining  whether  or  not  there  is  a  divergent  mode  with  the 
stick  free,  the  same  simple  method  can  be  used  if  the  stability  derivatives 
are  modified  to  account  for  elevator  surface  movements  caused  by  hinge  moments, 
downsprings,  bobweights,  q-bellows,  auto-trim,  SAS,  etc.  (see,  for  example. 
Reference  Bll).  Series  stability  augmentation  is  sometimes  used  to  modify 
long-term  as  well  as  short-period  stability.  In  that  case  the  equations  can 
be  recast  in  terms  ofti,i<r,£  and  Se  response  to  control-stick  inputs. 

Relation  of  Dynamic  and  Static  Stability 

)  The  foregoing  discussion  is  concerned  with  the  primary  static  stability 

requirement  of  3. 2. 1.1  and  is  useful  for  design  purposes.  It  is,  however, 
extremely  difficult  to  test  directly  for  slightly  divergent  modes.  The  result 
might  be  confounded  by  being  slightly  out  of  trim,  or  by  an  aerodynamic  non¬ 
linearity.  Especially  at  high  speed,  it  is  also  hard  to  assure  a  long  enough 
patch  of  smooth,  homogeneous  air  so  that  additional  disturbances  will  not  mask 
the  effect  of  stability.  Also,  evaluation  of  slow  motions  is  time-consuming. 

A  straightforward  way  to  detect  slightly  divergent  modes  in  flight  test 
is  to  measure  control  force  and  position  variations  with  speed  at  constant 
throttle.  A  stable  variation  of  control  force  with  speed  is  a  speed  stiffness, 
j  indicating  the  presence  of  a  phugoid  mode  (stick- free) .  For  example,  if  a 
steady  push  force  is  required  to  hold  a  speed  above  the  trim  speed,  release  of 
the  stick  will  cause  the  airplane  to  nose  up  and  slow  down,  undershoot  the  trim 
speed,  speed  up  again,  etc.  If  zero  push  force  is  required  to  hold  an  orf-trim 
speed,  re? ease  of  the  stick  will  cause  the  airplane  to  maintain  attitude  and 
speed,  i.e.,  there  is  no  longer  any  phugoid  oscillation  (stick-free).  When  a 
pull  force  is  required  to  maintain  a  speed  above  the  trim  speed,  release  of  the 
stick  will  cause  the  airplane  to  pitch  down,  and  the  airspeed  will  diverge.  The 
same  kind  of  explanation  relates  the  stick  position  required  to  hold  off-trim 
airspeeds  to  the  airplane’s  behavior  when  the  stick  is  returned  to  its  trim 
position  and  held  fixed.  The  requirements  on  control  gradients  with  speed  are 
therefore  a  restatement  of  the  requirement  banning  airspeed  divergences,  but  in 
a  form  more  directly  useful  for  flight  test  purposes. 
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The  expression  for  the  control  position  gradient  with  speed,  for 
example,  is: 


du. 


dS, 


tc  ur 


A  negative  value  of  would  result  in  a  negative  value  of  (y<£/*V) 

That  is,  aft  control  motion  would  increase  angle  of  attack  in  the  normal  manner 
but  the  normal  acceleration  response  would  be  downward,  even  in  the  short-term 
steady  state.  But  this  behavior  would  be  unacceptable  according  to  3. 2. 2. 1.1 
and  3. 2. 2. 2.  For  all  practical  purposes,  therefore,  will  always 

be  positive;  and  stable  control  gradients  with  speed  will  always  ensure  that 
there  are  no  divergent  aperiodic  modes  present.  Appendix  IVA  discusses  flight 
test  methods  in  more  detail. 

Data  Interpretation 

A  certain  amount  of  static  instability  might  have  been  allowable  for 
Level  3,  as  shown  in  References  B59,  D31,  D34,  E5,  and  El 2.  The  data  of 
References  B59,  D31,  and  D34  are  presented  in  Figures  1  through  4  in  the  form 
of«;^  versus Z%o>n.  These  terms  are  the  stiffness  and  damping  terms  of  a  second 
order  representation  of  the  airplane's  dynamics;  and  as  such,  they  describe  the 
location  of  only  two  of  the  airplane's  four  roots.  The  second-order  represen¬ 
tation  has  the  form: 

S2  *•(*  +  *)*  =  a 

When  is  positive  uid  /  is  greater  than  1.0,  the  two  roots  are  real  rather 
than  complex.  If  the  two  real  roots  areJ’-  and  the  characteristic 

equation  has  the  following  form: 

(S- Af)(#- *z)  =  sZ-(Af  +  +  Az  «  0 

The  damping^/a^  is  now  represented  by  the  sum  of  the  two  real  roots,  and  the 
stiffness  (u>%)  by  their  product.  When  stiffness  is  negative,  the  two  roots 
are  real,  but  one  is  positive  and  the  other  is  negative.  The  question  now  is: 
what  are  the  other  two  roots  doing  in  the  meantime? 

The  statically  unstable  roots  in  Figures  1  through  4  were  obtained  by 
making  positive.  The  two  roots  are  the  short-period  (oscillatory  or 
aperiodic)  roots  for  the  statically  stable  cases,  and  the  most  positive  and 
negative  real  roots  for  the  statically  unstable  cases  (see  the  preceding 
sketches).  The^/^J  axis  of  Figures  1  through  4  is  therefore  the  sum  of  the 
most  stable  and  most  unstable  roots,  for  the  statically  unstable  cases.  Since 
the  other  two  roots  are  always  close  to  the  origin  (see  the  preceding  sketch), 
(d is  a  fairly  good  measure  of  the  total  damping. 


Figures  1  through  4  all  indicate  that  little  or  no  static  instability 
can  be  tolerated  when  the  total  damping  is  low,  while  quite  a  large  amount  can 
be  tolerated  when  the  damping  is  large.  For  the  statically  unstable  case,  the 
magnitude  of  the  unstable  root  can  be  expressed  in  terms  of  the  ordinate  and 
abscissa  of  Figures  1  through  4  as  follows: 

2% *>*  - 

yf  *  - * 

z 


One  statically  unstable  configuration  was  evaluated  in  the  landing  approach 
experiment  of  Reference  E12.  This  configuration  had  s  =  +.20  sec-1  and 
s  =  -1.6  sec-1  and  was  rated  8.0.  (The  total  damping  is  therefore  approximately 
1.4  sec-*.) 

Two  statically  unstable  configurations  were  evaluated  in  the  landing 
approach  experiment  of  Reference  E5.  These  configurations  had  s  ■  +.19, 
s  =  -.19  and  s  =  +.26,  s  =  -.26,  and  were  rated  8.0  and  8.5  respectively.  The 
total  damping  of  each  of  these  pairs  of  roots  is  zero,  but  the  damping  of  the 
Aft  pair  is  not  representative  of  the  airplane's  total  damping  in  this 
experiment  because  the  unstable  root  was  caused  by  making  /V<t  negative  rather 
than  making  positive  (see  the  preceding  sketches) .  In  this  case  it  is 
seen  that  the  total  damping  is  all  in  the  short-period  pair  of  roots,  and  is 
actually  quite  good. 

After  studying  the  available  data,  it  is  obvious  that  many  factors 
influence  the  amount  of  instability  which  can  be  handled.  Because  even  a 
small  instability  can  be  quite  dangerous  under  some  circumstances  (e.g.,  low 
total  damping),  it  was  decided  to  require  the  airplane  to  be  statically  stable, 
even  for  Level  3.  Aside  from  the  data,  there  is  great  reluctance  to  allow 
airplanes  to  be  designed  with  any  instabilities,  because  of  design  and  require¬ 
ment  uncertainties,  and  because  of  the  possibility  of  experiencing  several 
Level  3  flying  qualities  simultaneously  (See  the  discussion  of  1.5,  Levels  of 
flying  qualities) . 
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OF  RESPONSE: 


2^n,  1  /SEC 


Figure  4  (3.2. I . 1 ) 

CATEGORY  A  FLIGHT  PHASES  (F-86,  REFERENCE  B59) 
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3. 2. 1.1.1  RELAXATION  IN  TRANSONIC  FLIGHT 


REQUIREMENT 

3. 2. 1.1.1  Relaxation  in  transonic  flight.  The  requirements  of  3. 2. 1.1  may  be 
relaxed  in  the  transonic  speed  range  provided  any  divergent  airplane  motions 
or  reversals  in  slope  of  elevator  control  force  and  elevator  control  position 
with  speed  are  gradual  and  not  objectionable  to  the  pilot.  In  no  case,  how¬ 
ever,  shall  the  requirements  of  3.2. 1.1  be  relaxed  more  than  the  following: 

a.  Levels  1  and  2  -  For  center-stick  controllers,  no  local  force  gradient 
shall  be  more  unstable  than  3  pounds  per  0.01  M  nor  shall  the  force  change 
exceed  10  pounds  in  the  unstable  direction.  The  corresponding  limits  for 
wheel  controllers  are  S  pounds  per  0.01  M  and  15  pounds,  respectively. 

b.  Level  3  -  For  center-stick  controllers,  no  local  force  gradient  shall  be 
more  unstable  than  6  pounds  per  0.01  M  nor  shall  the  force  ever  exceed  20 
pounds  in  the  unstable  direction.  The  corresponding  limits  for  wheel  con¬ 
trollers  are  10  pounds  per  0.01  M  and  30  pounds,  respectively. 

This  relaxation  does  not  apply  to  Level  1  for  any  Flight  Phase  which  requires 
prolonged  transonic  operation. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.3.3 

DISCUSSION 

Since  airplanes  naturally  exhibit  local  static  instabilities  in  the 
transonic  region,  the  requirements  of  3.3.3  of  MIL-F-8785  were  retained  and 
mapped  into  the  new  format.  Requiring  elevator  force  and  position  stability 
for  prolonged  transonic  operation  is  consistent  with  the  description  (1.5)  of 
Level  1  flying  qualities.  The  MIL-F-8785  relaxation  seems  aimed  at  short- 
time  Level  1  and  2  operation.  The  Level  3  limits  were  rather  arbitrarily 
determined  by  doubling  the  limits  for  Levels  1  and  2,  based  on  limited  flight 
test  experience. 

The  extent  of  the  region  that  may  be  considered  transonic  has  been 
left  unspecified  because  of  the  difficulty  in  stating  a  definition  that  can 
be  applied  with  generality.  It  is  not  the  intent  to  define  the  transonic 
region  as  that  where  a  relaxation  is  necessary;  such  a  definition  would  leave 
essentially  no  requirement  for  stability.  For  airplanes  that  do  not  have 
supercritical  wings,  the  lower  end  of  the  transonic  region  might  be  taken  as 
the  drag-rise  Mach  number.  The  upper  bound  might  be  the  Mach  number  at  which 
the  lift  and  drag  approach  the  classical  (M^cos^A-l)”^  variation  with  free- 
stream  Mach  number,  where  A.  is  the  sweepback  angle. 
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For  subsonic  airplanes  particularly,  note  that  there  are  also  dive 
requirements  (3. 2. 3. 5,  3.2. 3.6)  to  be  met. 

Since  phugoid  oscillations  involve  speed  changes,  all  speeds  at  which 
operational  missions  (3.1.1)  might  require  prolonged  flight  should  be  reasonably 
far  removed  from  the  region  of  transonic  trim  changes.  Otherwise,  normally 
encountered  disturbances  would  cause  divergence. 

Note  that,  while  the  requirement  might  be  met  through  use  of  stability 
augmentation,  the  Level  1  requirement  for  cases  of  prolonged  transonic  opera¬ 
tion  will  not  be  satisfied  just  by  an  input  to  the  feel  system.  Feel  can 
affect  the  control-force  gradient  with  speed,  but  not  the  control-position 
gradient . 

A  statement  should  be  included  in  the  detail  specification  for  each 
procurement  delineating  if  the  relaxation  is  to  be  applied  and  for  which 
Flight  Phases. 
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3.2. 1.1.2  ELEVATOR  CONTROL  FORCE  VARIATIONS  DURING  RAPID  SPEED  CHANGES 
REQUIREMENT 

3.2.1. 1.2  Elevator  control  force  variations  during  rapid  speed  changes. 

When  the  airplane  is  accelerated  and  decelerated  rapidly  through  the  opera¬ 
tional  speed  range  and  through  the  transonic  speed  range  by  the  most  critical 
combination  of  changes  in  power,  actuation  of  deceleration  devices,  steep 
turns  and  pullups,  the  magnitude  and  rate  of  the  associated  trim  change  shall 
not  be  so  great  as  to  cause  difficulty  in  maintaining  the  desired  load  factor 
by  normal  pilot  techniques. 

RELATED  MIL-F-8785  PARAGRAPHS 

3. 3. 3.1 


DISCUSSION 

This  paragraph  is  essentially  a  rewording  of  3.3. 3.1  of  MIL-F-8785, 
in  an  attempt  to  make  it  more  general.  There  are  two  kinds  of  problems  for 
which  this  requirement  is  primarily  intended.  First,  airplanes  can  have  stick 
force  and  position  gradients  with  speed  which  are  so  stable  that  considerable 
pilot  effort  is  required  during  rapid  speed-change  maneuvers.  Second,  in  the 
transonic  region  the  local  gradients  may  change  so  rapidly  with  Mach  number 
that  it  is  difficult  for  the  pilot  to  maintain  the  desired  pitch  attitude  or 
normal  acceleration  during  rapid  speed  changes. 

If  the  c.g.  is  allowed  to  be  farther  aft  at  supersonic  speeds  than  at 
subsonic  speeds,  an  adequate  rate  of  c.g.  shift  should  be  provided  for  rapid 
transonic  decelerations. 
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3. 2. 1.2  PHUGOID  STABILITY 


REQUIREMENT 

3. 2. 1.2  Phugoid  stability.  The  long-period  airspeed  oscillations  which  occur 
when  the  airplane  seeks  a  stabilized  airspeed  following  a  disturbance  shall 
meet  the  following  requirements: 

a.  Level  i - %  at  least  0.04 

r 

b.  Level  2 - jy  at  least  0 

c.  Level  3  -  T2  at  least  55  seconds. 

These  requirements  apply  with  the  elevator  control  free  and  also  with  it  fixed. 
They  need  not  be  met  transonically  in  cases  where  3. 2. 1.1.1  permits  relaxation 
of  the  static  stability  requirement. 

RELATED  MIL-F-8785  PARAGRAPHS 


3.3.6 


DISCUSSION 

Assuming  that  the  airplane  meets  the  static  stability  requirements  of 
3. 2. 1.1,  an  identifiable  second-order  phugoid  mode  will  probably  exist.  Para¬ 
graph  3.3.6  of  MIL-F-8785  specifies  that  phugoid  damping  must  be  at  least 
neutrally  stable  for  phugoid  periods  of  less  than  15  seconds,  and  has  no 
quantitative  requirements  for  longer  periods.  Those  requirements  are  considered 
inadequate.  Although  pilots  can  handle  airplanes  having  poor  phugoid  damping, 
they  will  make  such  comments  as:  the  airplane  "requires  constant  attention," 

"is  frustrating  to  fly,"  and  "is  difficult  to  trim."  The  requirements  of 

3. 2. 1.2  were  developed  to  prevent  such  problems. 

For  purposes  of  analysis,  it  should  be  understood  that  altitude  changes 
during  the  phugoid  motion  become  large  compared  to  the  airspeed  changes  during 
high  speed  flight;  and  the  air  density  gradient  with  altitude  will  tend  to 
make  the  phugoid  period  shorter  than  indicated  by  the  equations  discussed  under 
paragraph  3,2.1.  These  density- gradient  effects  should  be  accounted  for  in 
any  analytical  calculations  concerning  the  phugoid  mode  during  high  speed 
flight  (see  Reference  Bll). 

The  phugoid  damping  limits  of  3. 2. 1.2  are  partially  based  on  the  data 
and  pilot  comments  of  References  D38  and  E5.  The  data  of  Reference  E5  were 
taken  during  IFR  and  VFR  landing  approaches,  and  show  the  importance  of  the 
"backside"  parameter,  */ Tj,  ,  on  the  acceptability  of  a  given  phugoid  damping 
ratio.  The  data  of  Reference  D38  were  taken  during  cross-country  IFR  flights 
and  IFR  landing  approaches.  Some  consideration  was  given  to  the  idea  of  having 
different  limits  for  different  Flight  Phases,  e.g.,  Category  B  and  C  Flight  Phases 


68 


may  require  more  phugoid  damping  than  Category  A  Flight  Phases.  There  are  not 
sufficient  data  to  do  this,  however. 


The  data  of  Reference  E5  are  presented  in  Figures  1  through  11. 

Figures  1  through  4  are  for  the  basic  T-33  phugoid  frequency  of  .15  rad/sec. 
Figures  5  through  9  are  for  ^  -  .32  rad/sec,  and  Figures  10  and  11  are  for 

*45  rad/sec.  By  comparing  the  data  for  the  different  values  of  ,  it 
is^quite  apparent  that  more  positive  values  of  tp  are  necessary  as  *^vp 
increases.  For  this  reason,  time-to-double-amplitude  seems  to  be  the  Appropri¬ 
ate  parameter  for  specifying  phugoid  damping  when  the  damping  is  negative. 
Time-to-double-amplitude  can  be  expressed  as: 


rz 


When  the  damping  is  positive,  the  parameter  jy  is  specified  because  a  limit 
on  time-to-half-amplitude  would  allow  t  p  to  decrease  as  ^np  increases  -  a 
trend  which  is  opposite  to  that  indicated  by  the  data.  Time-to-half-amplitude 
can  be  expressed  as: 


| 

j? 

I 


\ 


The  data  of  Reference  D38  are  presented  in  Figure  12 , 


Several  of  the  Figures  1  through  11  do  not  contain  enough  data  to 
determine  the  independent  effects  of  Up  and  .  From  those  figures 

where  the  effects  can  be  separated,  however,  the  following  Level  1  values  were 
obtained,  for(t/r/tf)  =0: 

Figure  No. 

1  0  to  +0.10 


2  (The  basic  configuration 

is  worse  than  Level  1) 

7  0  to  +0.10 

12  +0.07 


In  summary,  the  Level  1  limit  on  seems  to  lie  between  0  and  +0.10.  After 
studying  typical  values  of  Up  for  several  existing  airplanes,  it  was  decided 
to  use  $p  *  0.04  as  the  Level  1  limit. 
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For  the  Level  2  limit,  the  following  values  were  obtained  from  the 

data: 


Figure  No. 

Jz 

$  U>- 

1 

.15 

-.28 

-.042 

2 

.15 

-.30 

-.045 

7 

.32 

-.17 

-.054 

8 

.32 

-.21 

-.067 

11 

.45 

-.14 

-.063 

12 

.126 

-.14 

-.018 

\ 

It  should  be  noted 

that  for 

the  data  of  Figures  1, 

2,  and  12,  negative 

phugoid  damping  was  obtained  by  introducing  positive  values  of  // ■  .  As  pointed 
out  in  Reference  ES,  increases  the  pitching  response  of  the  airplane  to 
horizontal  gusts  at  frequencies  considerably  above  .  This  effect  is 
illustrated  in  Figures  13  and  14.  (The  high-frequency  gust  response  of  the 
actual  airplane  was  not  quite  as  bad  as  indicated  in  these  figures  because 
low-pass  filters  were  used  in  u  and  u  feedback  channels  for  both  experiments.) 
The  pilot  comments  of  Reference  E5  indicate  that  this  pitching  response  was 
troublesome  to  the  pilot.  Since  M £  is  a  derivative  which  conventional  air¬ 
planes  are  not  likely  to  possess,  the  pilot  ratings  associated  with  the  con¬ 
figurations  having  M ^  can  be  viewed  as  being  somewhat  pessimistic  for  con¬ 
ventional  airplanes.  In  view  of  this  problem,  the  data  of  Figures  7,  8,  and 
11  should  be  weighted  more  heavily  than  those  of  Figures  1,  2,  and  12.  The 
data  then  indicate  that  the  Level  2  limit  should  be  a  time-to-double-amplitude 
between  10  and  13  seconds.  In  view  of  the  uncertainties  associated  with  the 
rather  limited  amount  of  data,  it  was  decided  that  no  instability  would  be 

allowed  for  Level  2.  The  Level  2  limit  was  therefore  set  at  if  =0. 

P 

For  the  Level  3  limit,  the  following  values  were  obtained  from  the 

data: 


Figure  No. 

*r 

gf»tt 

1 

.15 

-.47 

-.070 

7 

.32 

-.22 

-.070 

8 

.32 

-.27 

-.086 

11 

.45 

-.18 

-.081 

12 

.126 

(The  rating  scale  used 
does  not  extend  far 
enough  to  determine  a 
Level  3  boundary) 

These  data  indicate  a  range  of  time-to-double-amplitude  of  8  to  10  seconds. 
Again,  there  is  only  a  small  amount  of  data  on  which  to  base  the  requirement. 

It  was  decided  that  it  would  be  unwise  to  allow  phugoid  modes  as  unstable  as 
the  data  allow,  even  for  Level  3.  A  time-to-double  amplitude  of  55  seconds 
was  therefore  selected  as  a  conservative  limit  for  Level  3. 

The  data  of  Figures  5  through  11  and  the  associated  pilot  comments 
clearly  show  that  there  are  piloting  difficulties  due  to  high  values  of  . 

In  fact,  pilot  ratings  of  6.5  (CAL)  are  obtained  for  -  .45  rad/sec  ev^n 

when  If#  >  f/ 7^  ,  and  jp  are  all  good.  From  this  fact,  it  might  seem  logical 
to  establish  upper  limits  on  .  The  data  were  not  used  in  this  manner, 
however,  because  of  the  specific  way  in  which  the  variable  stability  T-33  was 
augmented  to  obtain  these  high  values  of  .  The  phugoid  frequency  was 
increased  by  using  positive  values  of<*/K,  wnich  causes  a  strong  increase  in 
the  high-frequency  pitching  response  of  the  airplane  to  horizontal  gusts. 

This  effect  is  also  illustrated  in  Figures  13  and  14.  It  is  very  evident 
from  the  pilot  comments  that  the  configurations  having  high  values  of  e*J-»p 
were  given  poor  ratings  because  of  this  effect.  The  high-frequency  pitching 
response  to  horizontal  gusts  will  certainly  increase  with  increasing  &n 
regardless  of  how  a)?,  -  is  altered,  but  the  presence  of  makes  this  effect 
more  pronounced.  What  is  really  needed  is  a  criterion  for  the  pitch  response 
to  horizontal  gusts,  but  such  a  criterion  does  not  presently  exist. 

It  should  be  noted  that  excessive  amounts  of  positive  cannot  only 
increase  <*)y,  to  undesirable  values,  but  can  also  cause  % p  to  become  quite 
unstable.  Fbr  example,  downsprings  are  often  employed  to  stabilize  statically 
unstable  (stick-free)  airplanes  at  aft  center-of-gravity  positions.  If  too 
large  a  spring  is  used,  the  designer  will  simply  trade  a  statically  unstable 
airplane  for  a  dynamically  unstable  one,  as  shown  in  the  following  s-plane 
plot.  The  X's  represent  the  unstable  case  with  zero  Mu,  of  the  first 
sketch  in  the  discussion  of  3. 2. 1.1.  The  root  locus  here  shows  the  effects 
of  positive  Mu  on  these  poles,  as  a  downspring  would  produce  stick- free. 


Examples  of  this  behavior  are  documented  in  References  J51  and  B96. 
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Figure  13  (3. 2. 1.2) 

PITCH  RESPONSE  TO  HORIZONTAL  GUSTS  F0R&J„  = 
(T-33,  REFERENCE  E5)  ®P 
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Figure  14  (3. 2. 1.2) 

PITCH  RESPONSE  TO  HORIZONTAL  GUSTS  F0R^„ 
(T-33,  REFERENCE  E5)  *P 


3. 2. 1.3  FLIGHT  PATH  STABILITY 


REQUIREMENT 

3.2. 1.3  Flight-path  stability.  Flight-path  stability  is  defined  in  terms  of 
flight-path-angle  change  where  the  airspeed  is  changed  by  the  use  of  the 
elevator  control  only  (throttle  setting  not  changed  by  the  crew).  For  the 
landing  approach  Flight  Phase,  the  flight-path-angle  versus  true-airspeed 
curve  shall  have  a  local  slope  at  V0m^n  which  is  negative  or  less  positive 


a.  Level  1  -  0.06  degrees/knot 

b.  Level  2  -  0.15  degrees/knot 

c.  Level  3  -  0.24  degrees/knot. 


The  thrust  setting  shall  be  that  required  for  the  normal  approach  glide  path 
at  V0  .  The  slope  of  the  flight-path  angle  versus  airspeed  curve  at  5  knots 
slower  than  shall  not  be  more  than  0.05  degrees  per  knot  more  positive 

than  the  slope  at  ]/„  ,  as  illustrated  by: 

tv 


RELATED  MIL-F-8785  PARAGRAPHS 
None 


80 


DISCUSSION 


Background 

Operation  on  the  "backside"  of  the  drag  curve  in  the  landing  approach 
leads  to  p  rob  leas  in  airspeed  and  flight-path  control.  References  E24,  E30, 
E32,  C39  show  that  airspeed  behavior,  when  elevator  is  used  to  control  attitude 
and  altitude,  is  characterized  by  a  first-order  root  which  becomes  unstable  at 
speeds  below  minioua  drag  speed.  This  closed-loop  instability,  even  when  the 
open- loop  (unattended- airplane)  phugoid  ootion  is  stable,  is  caused  by  an 
"unstable"  zero  in  the  A/ airplane  transfer  function.  Specifically, 
Reference  E24  uses  closed-loop  analyses  to  show  the  importance  of  the  factor 
,/r4f  as  an  indicator  of  closed-loop  system  stability  and  throttle  activity 
required.  A  useful  measure  of  the  quantity  */T4f  is  nee<ied. 

Working  from  the  altitude-to-elevator  transfer  function.  Reference  t:12 
shows  that  (t/Thf)  is  closely  approximated  by  the  ratio  (&/c)  »  where  2>  and  C 
are  defined  implicitly  as  follows: 

h(f)  _ _ A9*  +  &**+  C.s  +J>  _ 

S&(t)  ( * *  *  5  *  (s%*  ^  %&***&  s  *"  ***** 

The  additional  assumption  that  C  is  approximately  equal  to  [ Vfac  Zw)  ] 

is  generally  valid,  so  that: 

/  _ 3> _ 

T*,  =  **-”*.*„) 

The  climb- angle- to-elevator  transfer  function  is  as  follows: 

7(s)  _  /  h(s)  _  J_  _ Be1  +  Cs  _ 

=  V  Scfc)  “  V  (s z  +  2tr*>„1ls  * 

Applying  the  limit  value  theorem,  for  a  step  ^e(<fg/s)  the  slope  of  the  steady- 
state  1  versus  curve  is  equal  to  the  value  of  this  transfer  function  when 
s  approaches  zero,  so  that: 

dT  7(s)l  _J _ X> 

dfe  l^b j|„  "  v  «*/ «»,,,,* 

In  a  similar  manner,  the  slope  of  the  steady-state  tc.  versus  curve  is 
obtained: 

du  u(s)  I  _  _  9feg  Ms<l  Z«r) 
dSe  ~  S&  (s)  I  ss  ~  d)nspZ 
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Therefore,  the  slope  of  the  steady-stato  /  versus  u  jurvo  for  elevator 
Inputs  is 

dt'  _  dl'IdS*  _  _ j> _ 

du  "  dti/dSi  s  '  9 

Using  the  expression  for  t/T  ,  we  finally  obtain 

'  S!£  -  .JL.  L. 

~da  9 

Tha(cif/du.)  limits  of  3.2. 1,3,  therefore,  set  limits  on (Ut^^)  • 

The  limit  on(df/du)  at  5  knots  slower  than  VQ  was  added  to 

assure  that  the  airplane  remains  tractable  at  commonly  encountered  off- 
nominal  speeds. 

For  design  purposes,  (dr/du)  can  be  estimated  from  the  dimensional 
stability  derivatives  as  follows: 


dT 

f  1 

1 

--ill 

1  1*0. 

MU  Ma 

Y 

da 

=  9 

** '  M“ 

/ 

6* 

1 

y 

L  JL)| 

f  V 

* 

X 

1 

da 

~  9 

*U  | 

“  y)\ 

<&)! 

For  Mu,  and  *<re  small,  the  following  approximation  is  valid  except  for 
very-short-tailed  airplanes: 


dr 

da 


1 


<u  ~  (X»  '  v) 


■w 


Flight  test  techniques  are  discussed  in  Appendix  IVB. 


Data  for  Landing  Approach 

The  data  used  to  set  numerical  limits  on  (df/Ju) for  the 

approach  flight  phase  are  given  in  References  E5,  E16,  E20,  E22,  and  C14. 

The  experiment  of  Reference  E5  is  discussed  under  paragraph  3. 2. 1.2.  Only 
Figures  1,2,7  and  9  of  that  discussion  contained  data  from  which  the  effects 
of  //r>.  i  could  be  separated  from  the  effects  of  phugoid  damping.  These  four 
figures  are  reproduced  as  Figures  1  through  4  of  this  discussion. 
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It  is  apparent  from  Figures  1-3  that  pilot  ratings  of  7ft  (  are 
dependent  on  the  value  of  .  For  Level  1,  3. 2. 1.2  requires  ?  0.0A; 

greater  damping  might  result  from  autothrottle  or  similar  augmentation. 
Therefore  the  positive  5p  data  of  Figure  1  were  used  to  establish  the 
Level  1  requirement  for  or  ^  • /^\/  (The  data  from  Figures  2-4  are 

obviously  too  conservative  for  Level  1.  The  configurations  for  Figure  2 
had  marginally  close  to  the  lower  Level  1  boundary;  while  those  for 

Figure  b  were  downrated  because  of  the  pitch  response  to  horizontal  guBts 
caused  by  Mtt ,  as  discussed  under  3. 2. 1.2).  For  Levels  2  and  3,  the 
zero-  data  seem  appropriate: 


Figure 

1 

2 

From  Figure  3,  with  near- zero 

Level  2 


Level  2 


>7 


T 

>/ 


-.08 

-.05 


Level  3 
'/TV,  £  -.12+ 

Vtv,  *  -*os 


Level  3 


V 


>, 


-.05 


V 


>/ 


-.12 


From  Figure  4,  with  high  ]fp  but  in  turbulence: 


Level  2 


V ' 


-.05 


Level  3 
\  >'  --12 


or 


1  %  *  m 

Combinations  of  Level  -2  or  -3  values  of  with  low  *3** 

both  appear  worse  than  cases  with  high  3p  and  iD**  .  With  these 

considerations  in  mind,  '/Th,  _  -  :-02  was  chosen  for  the  level  1  boundary, 
-.05  for  Level  2,  and  -.08  for  Level  3.  These  values  of  VfV,  correspond 
to  the  ‘W/dV/  values  specified  in  3. 2. 1.3:  multiply  VtV,  by  -(57.3)  (1. 689)/ 
(32.2)  -  -3.  The  chosen  criteria  will  be  re-examined  as  more  data  become 
available. 


The  ground  simulator  experiment  of  Reference  E20  altered  f/Th*  by 
changing  Xw  and  ,  and  also  considered  the  influences  of  thrust-line 
inclination  and  thrust-line  offset  on  the  flying  qualities.  There  are  very 
limited  data  for  thrust-line  offset,  and  the  decision  was  made  to  assume  that 
designers  will  take  reasonable  steps  to  keep  the  offset  as  small  as  possible. 
The  data  for  zero  thrust-line  offset  are  presented  in  Figure  5  for  different 
values  of  thrust-line  inclination.  The  data  do  seem  to  indicate  that  some 
thrust-line  inclination  is  desirable,  but  the  variations  in  rating  due  to 
inclination  ?re  well  within  the  scatter  of  the  data  considered  as  a  whole. 


Th*  data  from  ground  simulator  experiments  of  References  C14  and  E16 
are  presented  in  Figure  6.  It  should  be  mentioned  that  only  the  dat.  for  the 
highest  static  margin  in  Reference  E16  are  presented  because  the  lower  static 
margins  result  in  values  of  co7t^p  which  are  too  low  for  Level  1 . 

The  data  from  the  in-flight  experiment  of  Reference  E22  are  presented 
in  Figure  7.  There  are  several  factors  which  influence  interpretation  of 
this  data.  First,  the  pilot  rating  scale  used  is  a  modified  version  of  the 
Cooper  scale  and  is  rather  difficult  to  interpret.  Second,  the  "speed 
stability"  was  changed  by  altering  3r/gV  as  well  as  3T/doc  ,  which  means  that 
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unstable  values  of  "speed  stability"  were  accompanied  by  negative  values  of 
phugoid  damping.  Since  the  "speed  stability"  was  altered  in  this  experiment 
by  using  engine  thrust,  the  pilot  could  use  the  engine  noise  as  an  airspeed 
cue.  The  final  (and  probably  most  significant)  factor  is  that  most  of  the 
approaches  were  flown  VFR,  with  a  ground  controller  supplying  continuous 
flight-path  information  by  radio  using  a  theodolite.  Reference  E22  states 
that  this  type  of  technique  resulted  in  very  tight  control  of  flight  path. 

A  few  approaches  were  made  using  precis ion- approach  radar,  which  were  much 
more  difficult  for  the  pilot  to  successfully  accomplish.  The  relationship 
between  the  "speed  stability"  parameter  >/t  of  Figure  7  and  >/t  is  as 
follows:  A  1 


1 

V 


a.t,93  _L 


Tz 


A  comparison  of  the  requirements  derived  from  Figures  1  through  4 
and  the  data  from  Figures  5  through  7  are  presented  below. 


Requirement  of  3 . 2 . 1 . 3 
Figure  5  (Reference  E20) 

Figure  6  (Reference  C14) 

Figure  6  (Reference  E16) 

Figure  7  (Ref.  E22)  -  no  thrust  lag 
Figure  7  (Ref.  E22)  -  thrust  lag 


,/lU,  f<>r 

Level  1  Level  2  Level  3 


-.02 

-.05 

-.08 

-.035 

-.084 

-.107 

020  to  035 

-.095 

-.121 

-.010 

- 

- 

+.010 

-.190 

-.360 

+.017 

-.060 

-.125 

The  primary  problem  with  Figure  7  seems  to  be  that  the  majority  of  the  data 
is  for  VFR  approaches  with  unusually  good  flight-path  information  available 
to  the  pilot  (see  References  E22  and  E35). 


Some  qualitative  data  are  available  in  Reference  C13,  although  the 
basic  "longitudinal  stability"  (probably  short-period  dynamics)  was  poor. 


"Minimum  comfortable"  range 
"Unsatisfactory"  range 


dfrtW)  . 
dV  “''knot" 

-.001  to  -.002 
-.0025  to  -.004 


///74,  sec  * 

-.019  to  -.038 
-.048  to  -.076 


The  in-flight  SST  evaluation  of  Reference  Cll  shows  a  rating  degradation  from 
3.5  to  4.0  when  f/r ^  is  changed  from  *.030  to  -.034. 


Other  Flight  Phases 

"Backside"  operation  is  also  troublesome  for  takeoff,  cruise,  and 
high-altitude  maneuvering,  but  it  will  probably  not  be  as  critical  as  for 
the  landing  approach,  and  there  are  virtually  no  data  to  define  numerical 
limits  for  these  flight  phases. 
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VARIED 


DIFFERENT  SOLID  SYMSOLS  INDICATE 
REFERENCE  VALUES  OF  X  KITH 
.  EQUAL  TO  EERO. 


REFERENCE  E5)  LANDING  APPROACH  (T-33,  REFERENCE  E5) 
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Figure  6  (3.2. 1 .3) 

SST  LANDING  APPROACH  (GROUND  SIMULATOR  EXPERIMENTS, 
REFERENCES  CI4  AND  E16) 
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Figure  7  (3 . 2  = 1 . 3) 

LANDING  APPROACH  (AVRO  707,  REF.  E22) 


5,2,;  I.ONUITUIMNAI,  MANHUVHK INC*  CHAKACTttH ISTICS 
ID  sens SION 

The  requirement*  of  the  subparagraph*  under  .1.2.2  deal  with 
maneuvering  characteristics,  i.e,,  the  airplane'*  dynamic  raaponat  to  pilot 
Input*  at  essentially  constant  speed,  The  major  topica  discussed  ara  short- 
period  response,  control  feel  during  maneuver*,  and  pilot-induced 
oac illation*  (1*10) . 

Short-period  damping  ratio  ia  a  meaaure  of  the  amount  of  overshooting 
present  in  the  short-period  motion  of  the  airplane,  and  low  values  of 
can  contribute  to  pilot-induced  oscillations. 

Short-period  natural  frequency  and  stick  force  per  g  are  the  primary 
parameters  which  affect  the  acceptability  of  the  airplane’s  maneuvering 
characteristics  (for  a  given  value  of  Xj*  ) .  Also  important  in  this  regard 
is  the  stick  motion  gradient  during  maneuvers. 

The  relationship  between  and  as  a  factor  in  pilot-induced 
oscillations  is  expressed  tn  the  requirement  on  transient  stick  forces  in 
maneuvers. 


& 
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3.2.2. 1  SHORT- PHH IOO  RHSPONSH 


RBQUIRBMBNT 

3. 2. 2.1  Short-period  rosponeo.  The  short-period  response  of  angle  of  attack 
which  occurs  at  approximately  constant  speed,  and  which  may  be  produced  by 
abrupt  elevator  control  inputs,  shall  meet  the  requirements  of  3. 2. 2. 1.1  and 
3, 2. 2. 1.2.  These  requirements  apply,  with  the  cockpit  control  free  and  with 
it  fixed,  for  responses  of  any  magnitude  that  might  be  experienced  in  service 
use.  If  oscillations  are  nonlinear  with  amplitude,  the  requirements  shall 
apply  to  each  cycle  of  the  oscillation.  In  addition  to  meeting  the  numerical 
requirements  of  3, 2. 2. 1,1  and  3. 2. 2. 1.2,  the  contractor  shall  show  that  the 
airplane  has  acceptable  response  characteristics  in  atmospheric  disturbances. 

RHLATBD  MIL-P-8785  PARAGRAPHS 


3,3,5 


DISCUSSION 

Tho  proposed  short-period  requirements  are  a  complote  rewrite  of 
3.3,5  of  MIL-P-8785, 

In  specifying  longitudinal  dynamics,  it  is  desirable  to  use  criteria 
which  are  preciso  descriptions  of  the  airplane  responses  directly  important 
to  the  pilot.  This  would  allow  the  designor  the  greatest  freedom  in  the  use 
of  various  combinations  of  airframe  and  control  system  dynamics  to  achieve  the 
desired  overall  responses.  Unfortunately,  specification  of  short-poriod 
dynamics  in  this  form  is  not  possible  at  the  present  time,  due  to  lack  of 
systematic  flying  qualities  data  obtained  for  various  control -system  and 
airframe  dynamics  in  combination  with  various  types  of  feel  system  dynamics, 
Also,  the  response  of  the  airplane  to  pilot  inputs  is  only  a  partial  descrip¬ 
tion  of  longitudinal  dynamics,  since  short-period  response  to  turbulence  and 
feel  system  dynamics  are  also  important  by  themselves.  For  these  reasons, 
it  was  decided  to  use  conventional  short-period  modal  parameters  as  criteria 
for  the  present  revision  of  MIL-F-8785,  treating  control-system  dynamics 
separately. 

Stability  augmentation  systems  (SAS)  are  obviously  here  to  stay, 
and  many  people  argue  that  a  second-order  description  of  short -period 
dynamics  is  not  possible  for  some  airplanes  employing  complex  SAS.  These 
airplanes  may  have  SAS  natural  frequencies  very  close  to  the  short-period 
natural  frequency,  which  make  the  overall  airplane  response  to  pilot  inputs 
higher  than  second-order.  However,  the  results  of  in-flight  evaluations  of 
various  types  of  higher-order  control  systems  indicate  that  such  systems  can 
introduce  lags  large  enough  to  cause  very  serious  pilot-induced  oscillations 
(see  Reference  J59) ,  On  the  basis  of  this  experiment,  the  requirements  of 
3.5,3  were  formulated.  In  order  to  meet  these  requirements,  the  control 
system  natural  frequencies  will  normally  have  to  be  appreciably  higher  than 
the  short-period  natural  frequency.  In  this  situation,  the  airplane's 
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response  to  pilot  inputs  can  be  approximated  quite  well  by  a  second-order 
response  plus  a  small  time  delay.  For  practical  control  systems,  then,  it 
will  usually  be  possible  to  identify  the  short-period  mode. 

Airplane  responses  are  sometimes  fed  back  through  the  feel  system 
in  such  a  way  that  the  short-period  dynamics  are  altered.  In  this  situation, 
the  stick-fixed  and  stick-free  short-period  dynamics  can  be  different.  Since 
pilot  control  inputs  are  a  combination  of  force  and  position  commands,  it 
was  considered  necessary  to  specify  the  same  limits  on  short -period  dynamics 
for  both  the  stick-fixed  and  stick-free  cases.  This  reasoning  is  especially 
applicable  where  is  concerned.  The  sudden  pull-up  criterion  of  MIL-F-8785, 
discussed  under  3. 2. 2. 3,  was  the  only  requirement  in  that  document  related 
to  (stick-free),  and  was  much  too  stringent.  The  new  stick-free  short- 
period  damping  requirements  provide  part  of  a  reasonable  replacement  for  this 
criterion. 


The  amplitudes  at  which  the  short-period  requirements  apply  are 
indicated  only  qualitatively  here  and  in  3. 5. 4. 2,  Saturation  of  Augmentation 
Systems .  While  more  definitive  guidance  would  be  desirable,  it  is  not  possible 
at  this  time  to  be  more  explicit  in  a  general  specification.  The  intent 
is  to  avoid  part-time  stability  augmentation  and  other  objectionable  non- 
linearities.  With  improving  technology,  the  penalties  associated  with 
augmentation  redundancy  are  becoming  smaller,  so  that  large  authority  can  be 
provided  with  safety. 

The  discussions  that  follow  are  all  in  terms  of  airplane  response  at 
constant  speed.  The  "steady-state"  characteristics  meant  are  therefore 
related  to  the  two-degree-of-freedom  approximate  equations  of  motion, 

-  (##>*■#*)•'  -  f* -■«?)?  ■  ■4fs‘f 

plus  the  effects  of  the  flight  control  system.  These  are  the  equations  given 
in  the  discussion  of  3.2.1,  with  the  speed  degree  of  freedom  suppressed;  so, 
strictly  speaking,  they  apply  only  in  or  near  level  flight. 


3. 2. 2. 1.1  SHORT-PERIOD  FREQUENCY  AND  ACCELERATION  SENSITIVITY 
REQUIREMENT 


3. 2. 2. 1.1  Short-period  frequency  and  acceleration  sensitivity.  The  short 
period  undamped  natural  frequency,  »'  shall  be  witMn  the  limits  shown 

in  figures  1,  2  and  3.  If  suitable  means  of  directly  controlling  normal 
force  are  provided,  the  lower  bounds  on  ^w^and  n/ct  of  Figure  3  may 
be  relaxed  if  approved  by  the  procuring  activity. 


SHORT- PERIOD  FREQUENCY  REQUIREMENTS  -  CATEGORY  A  FLIGHT  PHASES 


92 


wti.  thi  ioundakics  m  values  op  ^ '  f  " f  f; 

OUTS |0|  TNt  HAHQE  SHOWN  AM  DIF IHtO  !  ♦  -i  J 

•V  STNAIOMT-LIHl  CXTCMS I OMS •  •■  }  ■  I  •  * 

::::::: . i . i . n  mi . t . 1  f  • ; 


. ! . f 1 H  .11 . 

. ! . ! if  i  1 4  !  j . 


■  4»  . t 


'I  ;  vim 


*®iV 

"i  ...  .1  . j.-i 


}■•  .  4. 


’J"  •;  ■  <  i  t  i 

4  t'  I  j 
••  . i 


j . I . j  "f  *  1 14 1 


•4 . A 

. . 4 


rroes 


r.f. 


"t" . r-  4-.V-4.4 

"f . j . 

. f . (••••4. 4-. 

. i . 4  ■•>  +  .■ 


"T . 1 . f  •  44 . 

i  !  t  :  I  •  I  ? 


••  . . i  *♦ 

i 

-f . 

4"Y"4-4 . 

i 

•••4 . 

-  -  — 

- 

•  •  i  • 

» 

•  ;  • 

•  ;  « 

i  1 1 1 
-1  1  ;  - 

10 


's/ HAD 

FIGURE  2 

SHORT-PERIOD  FREQUENCY  REQUI  REMENTS-CATEGORY  e  FLIGHT  PHA: 
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FIGURE  3 

SHORT  -  PERIOD  FREQUENCY  REQUI REM  ENTS-  CATEGORY  C  FLIGHT  PHASES 
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RELATED  MIL-F-878S  PARAGRAPHS 

3.3.1,  3. 3, 1.1,  3.3.2,  3.3.4 

DISCUSSION 
Related  Factors 


It  .is  generally  agreed  that  short -period  frequency  and  damping  alone 
are  not  sufficient  to  describe  the  acceptability  of  airplane  longitudinal 
dynamics.  In  Reference  D19,  the  effects  on  flying  qualities  of  the  parameters 
,  V  and  w/<*  were  explored.  Reference  D21  expresses  the  idea  that  [/ra9 
is  of  primary  importance  because  it  appears  in  the  numerator  of  the  pitch-  2 
attitude-to-elevator  transfer  function.  References  E13,  DIO  and  Dll  are  based 
on  the  premise  that  pitch  rate  response  is  of  primary  importance  at  low  speed 
and  normal  acceleration  response  is  of  primary  importance  at  high  speed.  From 
this  premise,  References  E13  and  DIO  conclude  that  the  short-period  frequency 
should  be  a  function  of  7/r^  for  low  values  of  n/et  and  that  it  should  be  a 
function  of  when  is  large.  Reference  Dll  recommends  envelopes  on  the 
weighted  sum  of  the  pitch  rate  and  normal  acceleration  responses  to  a  step 
stick-force  command.  In  References  D7  and  D3  the  relationship  between  initial 
pitch  acceleration  and  steady-state  normal  acceleration  is  discussed  and 
related  to  the  short-period  frequency  and  v/ot  .  The  theories  discussed  in 
References  D7  and  D3  best  explain  pilot  objections  to  excessively  high  and 
low  short-period  frequencies,  and  have  therefore  been  used  as  a  framework  to 
mold  the  available  pilot  rating  data  into  short-period  frequency  requirements. 

A  detailed  analysis  of  the  pilot  comments  from  the  flight  programs 
of  References  D3  and  E12  yields  a  very  good  interpretation  of  the  pilot's 
objections  when  * S/B  is  either  too  high  or  too  low.  In  these  flight 

programs,  the  pilots  were  required  to  vary  the  control  gearing  and  select 
an  optimum  or  best  compromise  value  for  use  in  the  evaluation  of  each  short- 
period  configuration.  By  increasing  the  control  gain,  it  was  always  possible, 
regardless  of  the  flight  condition  or  short-period  configuration,  to  make  the 
sensitivity  too  high  with  the  result  that  the  response  was  abrupt  and  gross 
for  small  control  inputs.  Conversely,  it  was  always  possible  to  make  the 
gain  so  low  that  large  stick  motions  and  forces  were  necessary  in  turns  and 
pullups.  The  pilot  would  vary  the  control  gain  between  these  extreme 
situations  and  search  for  the  optimum  value  or,  as  was  often  the  case,  the 
least  objectionable  compromise  value.  From  these  experiments,  it  was  observed 
that  for  each  flight  condition  there  was  a  range  of  short-period  frequencies 
for  which  the  pilots  could  select  rather  well-defined  optimum  control  gains, 
but  at  lower  and  at  higher  short -period  frequencies  they  would  encounter 
conflicting  requirements  which  imposed  unsatisfactory  compromises  in  the 
selection  of  the  control  gain.  To  better  understand  this  problem,  it  is 
useful  to  derive  an  algebraic  relationship  between  sensitivity  and  steady 
forces,  in  the  steady  state,  the  constant-speed  equations  from  the  discussion 
of  3. 2. 2.1  yield 
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so  that 


Air  V  V_ 
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(Normally  |/¥,J  »\\^/V\  even  for  short-tailed  airplanes.) 


Therefore,  for  elevator  inputs, 

* .  *i  '  /V^.^  V  \  ^  / 

* ' 4a  7-^j =  *  l 

'd>'lJf/«^li  this  exPressi°n  reduces  to  */*  =  A.  for  lg  flight  ) 
Substituting  the  expression  for  »/«  into  the  expression  for  z,  the  following^ 
very  good  approximation  results:  W*  *  L  e  lowing 


JL./’X.  M  -M.  x  \ 
yMg  1  %  ts  w 


,7 f  *rj*/cc) 

where  is  the  initial  pitch  acceleration  per  pound  of  stick  force  or 
FiHflwV1ifo  asfu“!n«  negligible  control-system  dynamics  and  transport  lag. 
Hy*  th  relationship  between  Fsj  ,t  nd^  sensitivity  can  be  expressed  as 

Mr  - 

"  s  -  n/CL 

IS!,.ii,Snhie  Sfn  fat  Wh?nl  *'*«•/  2)  is  small,  either  the  stick  force 
.g“St,be  reduced  to  maintain  "high  enough  sensitivity  or  the  sensitivity 
must  be  reduced  to  maintain  satisfactorily  high  stick  force  per  g  in  maneuvers. 

If  (“'»*/>/  *)  is  to°  small,  the  pilot  will  not  be  able  to  achieve  a  satis- 

c°mPromisei between  sensitivity  apd  steady  forces  and,  depending  on  the 
individual,  may  select  one  or  the  other  extreme.  For  example,  one  pilot  in 

“ce  D\?e^ect®d  a  low  control  gain  in  this  situation  so  that  the  control 
forces  were  high,  thus  tending  to  guard  against  overcontro),  while  the  other 
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pilot  in  Reference  D3  selected  the  control  gain  on  the  basis  of  sensitivity 
and  accepted  the  light  steady  forces  that  resulted.  Both  pilots,  however, 
considered  these  configurations  unacceptable  and  gave  them  pilot  ratings  of 

From  the  same  equation,  when  ( u)nSf>j  u)  *s  larSe»  either  the  stick 

force  per  g  must  be  increased  to  maintain  satisfactorily  low  sensitivity  or 
the  sensitivity  must  be  increased  to  maintain  comfortable  stick  forces  in 

maneuvers.  If  (to y,sf>  /  zi)  is  too  large,  the  pilot  again  will  not  be  able  to 
achieve  an  acceptable  compromise  and  will  downrate  the  configuration.  When 
presented  this  situation,  both  pilots  in  Reference  D3  and  the  pilot  in  Refer¬ 
ence  E12  selected  the  control  gain  to  keep  the  sensitivity  fiuw  being  too 
high,  thus  reducing  the  abruptness  and  tendency  to  bobble  for  small  inputs. 
This,  of  course,  caused  heavy  steady  forces  during  sustained  maneuvers  and 
turns  and  resulted  in  poorer  pilot  ratings.  Because  of  this,  paragraph  3.2.2. 1 
contains  a  recommendation  that  to 

hi8h  64  • 


near  the  upper  limits  be  accompanied  by 

SP 


A  somewhat  different  theory,  which  also  indicates  the  importance  of 

the  parameter  /  o[)  *  is  presented  in  Reference  D7.  In  this  analysis, 

it  is  assumed  that  the  initial  pitch  acceleration  is  the  response  that  is  of 
concern  to  the  pilot  when  he  initiates  a  maneuver,  and  that  the  steady-state 
response  of  concern  is  the  normal  acceleration  experienced  in  a  pull-up. 

By  assuming  constant- speed  equations  of  motion  and  by  applying  the  initial 
value  theorem  to  the  &/ transfer  function  and  the  final  value  theorem  to 
the  n/ije  transfer  function,  the  following  expression  can  be  written  for  the 
ratio  of  initial  pitch  acceleration  to  steady-state  normal  acceleration 
following  a  step  input. 
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wher efV^J  is  the  numerator  lead  factor  in  the  constant-speed  &/<fe  transfer 
function.  This  lead  factor  can  be  expressed  as  follows: 

/ 

It  is  usually  valid  to  assume  \ty  \  *  (comparable  to  the  previous 

assumption  that  >  >| |  ),  and  therefore  (f/rsj  reduces  to 

^  i 

*ur~  *<fe  fy  „  j_  /*) 

~  V  l  u) 


T*. 


as 


Finally,  then,  we  have: 
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On  the  basis  of  the  above  considerations  and  the  trends  indicated  by 
data  from  variable  stability  airplane  experiments,  the  upper  and  lower  limits 
on  short-period  frequency  have  been  defined  as  functions  of  *t/oc  (the  ratio  of 
the  change  in  n  to  the  change  in  <x-  ,  in  the  steady-state  response  to  a 
control  input),  so  as  to  bound  the  parameter  &)  •  Specification  of 

short-period  frequency  requirements  in  this  form  has  implications  for  the 
design  of  augmentation  systems  in  that  it  should  be  more  permissive  for  fixed- 
gain  systems  than  single  u7tsfi  vs.  'ijp  bull's-eye  requirements,  and  it  takes  the 
emphasis  off  invariant  models  for  self-adaptive  systems. 


Flight-test  and  data-reduction  techniques  for  getting  p  and  n/a. 
are  discussed  in  Appendices  III  and  IVC,  D  and  E. 


Intuition  leads  most  people  to  suspect  that  limits  on(.&n  /  ■%) 
alone  are  not  sufficient,  and  that  there  are  likely  to  be  absolute  lower 
limits  on  both  and  vt/cc  (or  l/Tol  ).  Using  closed-loop  analyses  of  the 

pilot -vehicle  combination  Reference  B1  concludes  there  are  lower  limits  on 
fP  for  tasks  requiring  precise  control  of  pitch  attitude,  and  lower  limits 
on  io-njp  and  Vr^  for  tasks  requiring  precise  control  of  both  pitch  attitude 
and  flight  path,  in  these  studies,  major  assumptions  were  made  concerning 
the  form  of  the  pilot  model,  pilot  loop  closures,  and  desired  closed- loop 
characteristics.  In  addition,  the  analyses  were  performed  on  very  specific 
tasks,  with  the  assumption  of  continuous  closed-loop  control.  In  spite  of 
their  oversimplified  nature,  the  analyses  do  provide  some  insight  into 
problems  that  might  occur  if  to v  or  t/rA  were  to  become  very  low. 

S  P 


For  Category  A  and  C  Flight  Phases,  the  pilot  must  introduce  phase 
lead  into  his  control  inputs  in  order  to  maintain  precise  control  of  pitch 
attitude  as  decreases.  It  therefore  seems  likely  that  the  required 

phase  lead  will  become  excessive  as  is  reduced  below  some  lower  limit, 
regardless  of  the  magnitude  of  */«£  • 


For  normal  values  of  n/ex.  and  / ,  flight  path  control  is  achieved 
by  controlling  pitch  attitude,  since  flight  path  angle  will  quickly  follow 
attitude  changes.  As  decreases,  however,  the  response  of  flight  path 

angle  to  pitch  attitude  changes  becomes  slower.  Decreases  in  »/<*  ,  which 
normally  accompany  decreases  in  increase  the  angle-of-attack  change 

required  to  control  the  flight  path.  The  pilot  comments  from  Reference  D19 
indicate  that  when  and  */*  become  small,  the  pilot  must  overdrive  the 

attitude  of  the  airplane  in  order  to  maintain  rapid  control  of  flight  path. 

In  other  words,  he  must  make  an  initial  attitude  change  which  is  quite  large, 
and  then  ease  off  on  the  attitude  as  the  flight  path  angle  approaches  the 
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desired  value.  For  Category  C  Flight  Phases,  therefore,  the  attitude  changes 
required  for  precise  control  of  flight  path  will  probably  become  unacceptably 
large  when  n/oc  or  >/ra  fall  below  some  lower  limit. 

On  the  basis  of  the  above  arguments,  absolute  limits  on  and  n/* 

were  established,  in  addition  to  the  (to*  /  £L  )  limits. 

'  *SP  '  OL  ' 

Direct  Normal-Force  Control 

The  requirements  of  3.2.2. 1.1  state  that  the  limits  on  and  *»/« 

may  be  relaxed,  with  the  approval  of  the  procuring  activity,  if  a  suitable  type 
of  direct- lift  control  (DLC)  is  provided.  In  other  words,  the  absolute  limits 
on  and  */«  indicate  when  it  is  necessary  to  change  the  mode  of  control  of 

flight  path  from  rotation  of  the  whole  airplane  through  use  of  the  elevator 
to  direct  control  of  lift  through  thrust  vectoring  or  circulation  control  by 
flap  actuation,  etc. 

It  should  not  be  assumed,  however,  that  direct-lift  control  can  be 
used  to  cure  all  the  problems  associated  with  low  fe^^and  low  w/« .  The 
limited  experience  with  DLC  to  date  indicates  that  DLC  can  improve  control 
of  flight  path  in  certain  situations.  This  experience  has  also  demonstrated, 
however,  that  the  way  in  which  the  DLC  is  mechanized  can  either  improve  or 
degrade  flying  qualities.  Some  important  considerations  in  the  design  of  a 
direct-lift  control  system  are: 

1)  Should  a  separate  controller  be  provided  to  the  pilot, 
or  should  the  DLC  be  hooked  to  the  throttle  or  elevator? 

2)  If  a  separate  controller  is  used,  should  it  command 
attitude,  rate  of  climb,  or  normal  acceleration? 

3)  Are  the  drag  changes  associated  with  the  DLC  acceptable? 

4)  Are  the  pitching  moments  caused  by  the  DLC  acceptable? 

Also  note  that  some  control  of  pitch  attitude  must  be  provided,  even  if  DLC 
is  used.  In  the  approach  Flight  Phase,  for  instance,  there  are  constraints 
on  the  attitude  during  the  actual  touchdown;  and  these  attitudes  must  be 
achieved  in  the  presence  of  turbulence,  as  well  as  in  smooth  air.  In  addition, 
certain  flight  phases  such  as  air-to-air  gunnery  require  precise  attitude 
tracking.  For  these  flight  phases,  the  use  of  DLC  will  probably  not  solve 
the  problems  associated  with  low  u>n 


Data  Interpretation 


The  pilot  rating  data  used  to  set  the  Level  1  and  2  limits  on 
as  a  function  of  were  taken  only  from  in-flight  programs.  This  was  done 
to  insure  that  the  motion  cues  and  tasks  were  realistic.  There  is  a  surpris¬ 
ingly  large  amount  of  such  data  available  (References  B59,  B102,  C18,  CS7, 
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03,  1)23,  029,  l>34,  1)41,  IMS,  l>HJf »  114,  111*,  Mini  >160),  but  only  Hr>  foreman  03, 
052,  and  J60  contain  dat a  to  define  the  upper  1  ini t n  of  .  ITte  data  of 
Reference  1)25)  worn  not  used  at  nil  because  wait  not  hold  within  the  Level 

llniti  and  because  the  report  did  not  contain  enough  information  to  properly 
identify  the  short-period  mode.  The  data  are  shown  in  Figure*  l  through  21 
for  programs  Involving  Category  A  flight  Phase*  and  in  figure*  22  through  25 
for  program*  involving  Category  C  flight  Phase*.  figure  2(>  show*  the  Xli-70 
data  used  to  define  the  boundaries  for  Category  H  flight  Phase*.  All  theae 
figure*  show  the  boundaries  specified  in  .1.2. 2.1.1  to  facilitate  compari¬ 
son  with  the  data.  The  maximum  and  minimum  boundaries  specified  in  5.2. 2. 1.2 
are  also  shown  on  figures  1  through  25.  The  data  points  have  been  divided 
into  three  groups  by  pilot  rating,  each  group  having  a  different  symbol, 

The  groups  aro:  Level  1  ratings,  Level  2  ratings,  and  ratings  worse  than 
Lovel  2.  The  specific  rating  for  each  data  point  is  omitted  for  clarity  of 
presentation,  except  where  needed  in  areas  having  little  data,  Unless  other¬ 
wise  stated,  the  rating  data  use  the  numerical  CAL  rating  scale. 

The  boundaries  used  in  the  specification  do  not  fit  the  data 

from  all  the  programs  porfoctly;  this  is  the  nature  of  flying  qualities  data. 
If  the  data  are  viewed  as  a  whole,  however,  it  can  be  seen  that  the  trend  of 
changing  limits  with  w/«is  clearly  indicated.  Many  details  of  each 
program  were  taken  into  account  in  fairing  the  boundaries  and  are  too  numerous 
to  fully  discuss  here,  but  a  few  of  the  most  important  considerations  can  be 
mentioned.  TYro  data  points  in  the  middle  of  the  Level  1  region  of  figure  6 
are  rated  7.0;  these  ratings  are  in  complete  disagreement  with  the  pilot 
comments.  The  data  of  Figures  8  and  9  were  taken  at  a  flight  condition  whore 
the  maneuvering  of  the  airplane  was  limited  to  a  total  load  factor  of  2.0 
because  of  buffet;  this  bothered  the  CAL  pilot  especially.  The  data  of 
Figures  12  and  13  were  taken  at  heavy  fuel  loads  which  lowered  the  wing 
structural  natural  froquencios  enough  to  couple  with  the  short-period  mode 
when  M^^was  high;  again,  this  especially  bothered  the  CAL  pilot.  The  data 
of  Figure  14  do  not  fit  the  criteria  very  well,  but  the  data  of  Figures  11 
through  13  were  obtained  for  essentially  the  same  value  of  n/ct  and  they  do  fit 
the  criteria.  The  pilot  whpse  data  are  shown  in  Figure  16  had  his  own  defini¬ 
tion  of  the  rating  scale  and  the  task,  and  his  rating  data  exhibit  an  unusual 
amount  of  scatter.  Figures  14  through  17  all  indicate  a  possible  upper  limit 
on  which  is  considerably  lower  than  the  boundaries  used  in  the  specifica¬ 

tion;  "nowever,  these  pilot  ratings  were  not  confirmed  by  the  experiment  of 
Reference  03  which  evaluated  configurations  with  considerably  higher  values 
of  .  Notice  that  many  points  on  Figures  6,  7,  9,  12,  13,  18,  19  and  20 

are  labeled  "  <>/*  high";  this  means  that  the  pilot  rating  was  influenced  by 
the  fact  that  was  near  or  outside  the  limits  of  paragraph  3.2.2.2.I. 

The  data  of  Figures  1  through  26  define  lower  limits  on  for 

Category  A,  B,  and  C  Flight  Phases  and  upper  limits  for  Category  A  Flight 
Phases  (although  the  Level  2  upper  limit  is  not  well  defined).  The  upper 
limits  for  Categories  B  and  C  were  arbitrarily  made  the  same  as  for  Category 
A,  due  to  the  complete  absence  of  definitive  data  from  in-flight  evaluations. 


100 


figures  I  through  2f>  cunt  h  I  it  only  4  tint*  point*  rated  P.0  (CM,)  01 
worse.  In  Miltl i t ion «  data  presented  in  the  discussion  of  3.2,1. I  show  that 
unstable  abort  period  mode*  (l.e.,  aperiodic*  I ly  divergent  angle  of  at tack 
response,  even  at  constant  apeed)  are  controllable  under  some  condition*. 

The  data  would  seem  to  indicate  that  the  level  .1  requirements  of  3. 2,2, 2  and 
3,2,2, 2, I  Indirectly  provide  aufficient  level  3  limits  on  fa ,  a  i  live  punitive 
vnluea  of  4/#  end  4r/#  are  indicative  of  abort -period  atiffneaa.  However, 
pilot  comment*  indicate  that  tbe  aafety  aapocta  of  the  aituation  deteriorate 
rapidly  aa  aero  abort-period  atiffneaa  ia  approached.  This  ia  especially 
true  when  tbe  pilot  la  huay  with  other  cockpit  dutioa,  and  the  ptoblem  ia 
compounded  during  flight  in  turbulence,  Hecauae  of  the  uncertaintiea 
aaaociated  with  low  abort -peri ml  atiffneaa,  the  lowers*,,,  boundary  for  level  3 
waa  made  coincident  with  the  level  2  boundary  (there  are  insufficient  data  to 
establish  a  level  3  upper  limit  on  ) ,  Aa  a  reault,  in  the  absence  of 
upproved  Special  failure  States,  this  level  2  requirement  must  generally  be 
met  even  in  the  event  of  total  stability  augmentation  failures. 

After  tUo(**J*  j  £)  limits  were  eatabliahed,  concern  was  expressed 

that  no  absolute  lower  bounds  on  either  .^,or  */«,  had  been  established,  due 
to  luck  of  data.  In  September  of  1968,  preliminary  data  for  the  currier 
approach  flight  Phase  were  made  available.  Those  data  wore  generated  during 
a  Navy-  sponsored  moving-base  simulator  experiment,  conducted  by  tirumman  air¬ 
craft.  The  results  of  this  experiment  were  used  to  establish  Category  C 
level  1  and  2  lower  limits  on  ^Ntf#and  *»/«  for  Class  1,  JI-C,  and  IV  airplanes 
(see  figures  27  and  281.  liven  though  the  data  wore  obtained  for  the  carrier 
approach,  it  seems  logical  that  Class  1  and  IV  airplunes  should  meet  the  some 
requirements.  Carrier  airplanes  neod  moro  precise  control  of  flight  path  and 
attitude,  hut  Class  1  and  IV  land-based  airplunes  do  more  maneuvering  in  the 
landing  puttorn  and  execute  a  flare  to  land. 

'Ilie  lower  Category  C  limit*  on»/«  for  Class  Il-i  wed  m  airplane* 
ure  someth'^'  >rhltrnry,  although  NASA  experience  with  the  .  dug  46/-80 
indicates  that  pilot  ratings  of  3,0  to  4,5  can  be  expected  for  values  of  */* 
in  the  vicinity  of  1.4  (soe  Koforences  C58  and  G12) .  The  absolute  lower 
limits  for  Category  C  Flight  Phases  (Classes  il-l  and  III)  and  Category  A  *P 
(all  classos)  were  established  rather  arbitrarily,  since  all  the  available 
data  on  low  values  of for  these  flight  Phases  are  adequately  handled 

/  1  I  \  ^ 

by  *  )  criteria* 
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3.2.2. 1.2  SHORT-PERIOD  DAMPING 


REQUIREMENT 

3. 2. 2. 1.2  Short-period  damping.  The  short-period  damping  ratio,  $  gp»  shall 
;e  within  the  limits  of  table  IV. 


TABLE  IV.  Short -period  Damping  Ratio  Limits 


Category  A  and 

C  Flight  Phases 

Category  B  Flight  Phases 

Level 

Minimum 

Maximum 

Minimum 

Maximum 

1 

0.35 

1.30 

0.30 

2.00 

2 

0.25 

2.00 

0.20 

2.00 

3 

0. 15* 

— 

0.15* 

— 

*May  be  reduced  at  altitudes  above  20,000  feet  if  approved  by  the 
procuring  activity. 


RELATED  MIL- F- 8785  PARAGRAPHS 
3.3.5 


DISCUSSION 


The  discussion  of  3. 2. 2. 1.1  pertains  to  what  is  important  to  the  pilot 
when  the  short-period  frequency  is  satisfactory.  However,  everyone  agrees  that 
damping  is  also  important.  When  the  damping  is  too  low,  the  airplane  short- 
period  response  overshoots  and  oscillates.  When  the  damping  is  too  high,  the 
response  is  sluggish.  Therefore,  upper  ard  lower  limits  have  been  placed  on 
short-period  damping  ratio.  Fr.om  the  constant-speed  equations  of  motion,  the 
expression  for  short-period  damping  ratio  is 


Z 


The  data  Used  to  define  the  Level  1  and  2  damping  ratio  limits  for 
Category  A  and  C  Flight  Phases  are  shown  in  Figures  1  through  24  of  the  short - 
period  frequency  section,  and  details  of  the  data  are  discussed  in  that  section. 

It  is  often  argued  that  the  damping  ratio  boundaries  should  be  curved  to  cut 
off  the  corners  of  the  short-period  boxes.  In  particular,  the  lower  left-hand 
corner  could  be  cut  off  by  a  lower  limit  on  u*™sp)>  the  upper  left-hand  «  «. 

comer  might  be  cut  off  to  avoid  combining  low  damping  with  sensitivity,  and 
the  lower  right-hand  comer  might  be  restricted  to  avoid  making  an  already 
sluggish  airplane  even  more  sluggish.  However,  no  such  limits  were  used 
because  the  additional  complication  seemed  unjustified  in  view  of  the  fact  *> 

that  constant  damping  ratio  lines  bound  the  available  data  quite  adequately. 
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The  same  damping  ratio  lines  seem  to  bound  the  Category  A  and  Category  C  data 
equally  well;  and  therefore,  no  attempt  was  made  to  separate  the  requirements 
for  those  two  Flight  Phase  Categories. 

The  XB-70  data  presented  in  Figure  1  might  be  used  to  establish  the 
Level  1  and  2  lower  limits  for  Category  B  Flight  Phases.  The  upper  limits 
were  set  equal  to  2.00,  based  on  engineering  judgement. 


There  are  very  little  data  available  to  establish  Level  3  limits  cn 
^gp,  but  the  trends  indicate  that  the  lower  limit  is  probably  below  0.05. 


Summarizing,  the  data  indicate  these  limits  on  : 


Category  A  and  C  Flight  Phases 

Category  B  Flight  Phases 

Level 

Minimum 

Maximum 

Minimum 

Maximum 

1 

0.35 

1.30 

0.18 

2.00 

2 

0.20 

2.00 

0.07 

2.00 

3 

<0.05 

<0.03 

■  — 

Although  the  data  used  to  establish  the  tSP  limits  included  the  effects  of 
turbulence  to  some  degree,  there  was  some  concern  that  the  lower  limits 
indicated  by  the  data  are  not;  adequate  for  flight  in  turbulence.  Therefore, 
the  lower  limits  were  increased  to  the  values  specified  in  3. 2. 2. 1.2. 


Measurement  and  data  reduction  techniques  are  discussed  in  Appendices 
III  and  IVC  and  D. 


Figure  1  (3. 2. 2. 1.2) 

CATEGORY  B  FLIGHT  PHASES  (XB-70,  REFERENCE  B102) 
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3. 2. 2. 1.3  RESIDUAL  OSCILLATIONS 
REQUIREMENT 


3. 2. 2. 1.3  Residual  oscillations.  Any  sustained  residual  oscillations  shall 
not  interfere  with  the  pilot's  ability  to  perform  the  tasks  required  in  service 
use  of  the  airplane  For  Levels  1  and  2,  oscillations  in  normal  acceleration 
at  the  pilot's  station  greater  than  +0.05g  will  be  considered  excessive  for 
any  Flight  Phase,  as  will  pitch  attitude  oscillations  greater  than  ±3  mils  for 
Category  A  Flight  Phases  requiring  precision  control  of  attitude.  These 
requirements  shall  apply  with  the  elevator  control  fixed  and  with  it  free. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.3.5 

DISCUSSION 

This  paragraph  is  essentially  a  rewrite  of  part  of  3.3.5  of  MIL-F-8785. 
The  primary  purpose  of  the  requirement  is  to  prevent  limit  cycles  in  the  control 
system  or  structural  oscillations  which  might  compromise  tactical  effectiveness, 
cause  pilot  discomfort,  etc.  The  limit  of  ±5  mils  for  pitch  attitude  oscilla¬ 
tions  was  reduced  to  ±3  mils,  on  the  recommendation  of  several  USAF  pilots. 
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3. 2.2.2  CONTROL  FEEL  AND  STABILITY  IN  MANEUVERING  FLIGHT 
,  ,  REQUIREMENT 

3. 2. 2. 2  Control  feel  and  stability  in  maneuvering  flight.  In  steady  turning 
flight  and  in  pulltips  at  constant  speed,  increasing  pull  forces  and  aft  motion 
of  the  elevator  control  and  airplane-nose-up  deflection  of  the  elevator  sur¬ 
face  are  required  to  maintain  increases  in  normal  acceleration  throughout  the 
range  of  service  load  factors  defined  in  3. 1.8. 4.  Increases  in  push  force, 
forward  control  motion,  and  airplane-nose-down  deflection  of  the  elevator 
surface  are  required  to  maintain  reductions  of  normal  acceleration  in  pushovers. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.  3. 4,  3.  3.9 
DISCUSSION 

This  paragraph  is  essentially  a  restatement  of  part  of  3.3.9  of 
MIL-F-8785.  Stable  control  force  and  position  variations  with  normal  accelera¬ 
tion  at  constant  speed  ensure  that  the  airplane  has  a  stick-free  and  stick-fixed 
short-period  mode;  that  is,  there  is  a  restoring  tendency  which  tries  to 
rapidly  return  the  airplane  to  1  g  flight  following  a  disturbance.  This  re¬ 
lationship  is  analogous  to  that  between  the  control  force  and  position  vari¬ 
ations  with  speed  and  the  phugoid  mode.  S' 

/ 

The  requirement  for  a  stable  variation  of  elevator  surface  position 
with  normal  acceleration  is  simply  a  restatement  of  3.3.4  of  MIL-F-8785.  This 
requirement  was  retained  to  ensure  that  the  basic  airframe  has  a  restoring 
tendency,  at  least  in  the  short  term.  This  is  an  absolute  limit  on  the  aft 
c.g.  location. 

Here^is  another  place  where  some  data  show  that  slight  instability 
(negative  <^nap  )  might  be  tolerable  for  Level  3  in  some  instances.  But 
concern  for  requirement  and  design  uncertainties  and  the  possibility  of  having 
several  Level  3  flying  qualities  at  the  same  time,  has  resulted  in  keeping 
a  conservative  requirement. 

Flight  test  methods  are  discussed  in  Appendix  IVE. 
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3. 2. 2. 2.1  CONTROL  FORCES  IN  MANEUVERING  FLIGHT 


REQUIREMENT 

3. 2. 2. 2.1  Control  forces  in  maneuvering  flight.  At  constant  speed  in  steady 
turning  flight,  pullups,  and  pushovers,  the  variations  in  elevator-control 
force  with  steady-state  normal  acceleration  shall  be  approximately  linear. 

In  general,  a  departure  from  linearity  resulting  in  a  local  gradient  which 
differs  from  the  average  gradient  for  the  maneuver  by  more  than  50  percent 
is  considered  excessive.  All  local  force  gradients  shall  be  within  the  limits 
of  table  V.  In  addition,  whenever  the  short-period  frequency  is  near  the 
upper  boundaries  of  figure  1,  Fs/n  should  be  near  the  Level  1  upper  boundaries 
of  table  V.  This  may  be  necessary  to  avoid  abrupt  response,  sensitivity,  or 
tendencies  toward  pilot-induced  oscillations.  The  term  gradient  does  not 
include  that  portion  of  the  force  versus  n  curve  within  the  preloaded  break¬ 
out  force  or  friction  band. 


TABLE  V.  Elevator  Maneuvering  Force  Gradient  Limits 


Center  Stick  Controllers 

Level 

Maximum  Gradient, 
(Fs/n)max’  P°unds  Per  8 

Minimum  Gradient, 

('Fs/n)min’  P°unds  Per  8 

1 

240 

n/oc 

but  not  more  than  28.0 

56  * 

nor  less  than  - - 

V1 

The  higher  of 

21 

V1 

and  3.0 

2 

360 

n/oc 

but  not  more  than  42.5 

85  * 

nor  less  than  - r 

V1 

The  higher  of 

18 
n.  -1 

L. 

and  3.0 

3 

56.0 

3.0 

*For  n.  *3,  (F  /n)  is  28.0  for  Level  1,  42,5  for  Level  2. 

L  s  'max 
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Table  V  (Cont.) 


.<* 


Wheel  Controllers 

Level 

Maximum  Gradient, 

(Fs  AO  max’  Pounds  Per  2 

Minimum  Gradient, 

(Fs/n)min’  Pounds  Per  « 

1 

500 
n  /« 

but  not  more  than  120.0 

,  120 
nor  less  than  - r 

"l-1 

The  higher  of 

45 

V1 

and  6.0 

2 

775 

n/oc 

but  not  more  than  182.0 

182 

nor  less  than  - r 

V1 

The  higher  of 

38 

V1 

and  6.0 

3 

240.0 

6.0 

RELATED  MIL- F- 8 785  PARAGRAPHS 

3.3.9,  3.3.9. 1,  3. 3. 9. 3,  3. 3.9.5,  3.7.4 
DISCUSSION 

This  paragraph  is  a  complete  rework  of  the  ( requirements  of 
MIL-F-8785. 

It  was  decided  that  the  major  differences  in  the  desired  maneuvering 
forces  between  fighter  airplanes  and  transports  are  due  to  the  type  of  con¬ 
troller,  in  addition  to.  airplane  class.  The  effects  of  airplane  class  (a 
grouping  of  types  of  missions  really)  seem  to  be  adequately  described  by  limit 
load  factor,  through  the  ( K /  ->rL  - 1 )  formulae  of  MIL-F-8785.  In  addition,  how¬ 
ever,  there  are  several  arguments  for  having  different  maneuvering  forces  for 
center-stick  and  wheel  controllers.  For  example,  the  lower  limits  on 
maneuvering  forces  must  be  higher  with  a  wheel  control  because  the  pilot's 
arm  is  usually  unsupported;  whereas  the  pilot  has  very  good  vernier  control 

with  a  center  stick  even  with  light  forces  because  his  forearm  is  partially 

supported  on  his  thigh.  In  any  case,  pilots  seem  to  agree  that  they  cannot 
maintain  the  precision  of  control  with  a  wheel  that  they  can  with  a  stick,  and 
that  the  maneuvering  control  forces  should  be  higher. 

There  is  evidence  from  many  sources  that  at  very  low  *»/*  can  or 

should  be  higher  than  at  high  w/<*.  This  idea  is  given  impetus,  for  instance, 

by  the  results  of  the  ground  simulator  program  of  Reference  D19  and  the 
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in-flight  evaluation  of  Reference  C2.  These  results  indicate  that  the  pilot 
tends  to  select  a  constant  value  of  at  high  w/ot.  ,  but  a  constant  value 

of  Fs/oc  at  low  n/ot.  .  This  trend  is  possibly  due  to  a  gradual  change  from 
concern  with  y  and  structural  protection  at  high  n/a.  to  concern  with  control 
of  pitch  attitude  alone  at  low  r>/oc  .  Specification  of  forces  in  the  form  of 
limits  on  at  low  v/»  can  be  accomplished  by  making  the  Fsjv  limits  vary 

inversely  with  n/cc  ,  as  c  1  be  seen  from  the  following  constant-speed  relation: 


fs 

oc 


On  the  basis  of  these  considerations,  the  limits  on  Fs/»  were  expressed 
in  the  form  (  )  at  low  r>/ L  and  (  at  high  *>/«  ,  with  separate  require¬ 

ments  for  stick  and  wheel  controllers. 

Center-Stick  Controllers 


To  provide  data  in  this  format  for  center-stick  controllers,  results 
of  the  in-flight  T-33  programs  of  References  D3  and  E12  were  studied,  since 
these  were  the  only  in-flight  short-period  experiments  found  in  which  the 
pilots  were  allowed  to  select  the  "optimum"  value  of  longitudinal  control 
gain  for  each  configuration  tested.  The  data  from  these  two  programs  are 
presented  in  Figures  .1  through  7  as  plots  of  sensitivity,  ^ fs  ,  versus  . 
The  slanted  boundaries  are  simply  the  constant  / £-)  limits  of  paragraph 

3. 2. 2. 1.1,  as  can  be  seen  from  the  following  constant-speed  approximation: 

""SP  _  A? 

*/«  77  * 


(See  the  discussion  of  paragraph  3. 2. 2. 1.1,  which  also  justifies  the  recom¬ 
mended  high  Ff/ 7t  at  high  )  The  pilots  were  reasonably  consistent  in 

selecting  the  "optimum"  gain.  But,  because  of  limited  time  available  for 
gain  selection,  the  pilots  sometimes  made  mistakes  in  selecting  the  control 
gain,  with  the  result  that  the  configuration  was  given  a  poor  pilot  rating 
upon  completion  of  the  overall  evaluation.  The  pilot  ratings  associated  with 
configurations  having  misselected  values  of  were  very  useful  in  deter¬ 

mining  where  the  F$/ y  boundaries  should  be  drawn.  In  areas  where  there  are 
no  rating  data  available,  a  detailed  analysis  of  pilot  comment  data  for  each 
program  was  made,  since  the  pilot  did  conduct  partial  evaluations  at  several 
values  of  F^/tt  in  order  to  select  the  "optimum"  value  for  each  configuration 


For  high  values  of  y/ec  ,  the  fighter  values  of  ( ---  -)  and  ( 

from  MIL-F-8785  fit  the  pilot  rating  data  of  Figures  1  through  4  and  the  asso¬ 
ciated  pilot  comments  quite  well  for  Level  1  (assuming  -  7 ) .  Using  the 
same  rating  data  and  comments,  values  of  /)  f £/(*/- 1))  were  chosen 

for  the  Level  2  Fs/n  boundaries.  Z 


For  low  values  of  n/oc  ,  the  pilot  rating  data  of  Figures  5  through  7 
and  the  associated  pilot  comments  indicate  that  the  lines  =  7o/(*r/cc)  and 
I  yy-  2^0 ! ( v/cc)  would  serve  well  as  Level  1  boundaries. 
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A  summary  of  the  Level  1  and  2  center-stick  boundaries  which  are 
reasonably  well  supported  by  experiment  is  presented  in  Figure  8.  The  low  »/* 
portion  of  the  lower  Level  1  boundary  is  dashed  to  indicate  that  it  is  not 
very  strongly  supported  by  data.  The  following  reasoning  was  used  to  estab¬ 
lish  the  boundaries  where  rating  data  are  lacking  and  pilot  comments  are  sparse. 
It  seemed  logical  to  expect  the  Level  2  upper  boundary  to  follow  the  same 
trend  as  the  Level  1  upper  boundary.  The  lower  boundaries  at  low  n/at  are  very 
difficult  to  set  because  the  data  in  this  area  are  very  sparse.  In  fact, 
airplanes  for  which  stick  forces  are  due  entirely  to  aerodynamic  hinge 
moments  from  the  elevator  tend  to  have  values  of  >/»  which  are  t|ie  same  at 
low  values  of  ft /at  as  they  are  at  high  values.  Many  successful  airplanes  have 
been  built  with  this  characteristic,  which  does  not  follow  the  trend  indicated 
in  Figure  8.  Of  course,  it  is  possible  that  the  Fj/rt  gradients  of  these 
airplanes  were  objectionable  at  low  iffoc  .  It  is  more  likely,  however,  that 
these  characteristics  were  not  seriously  objectionable  because  they  were 
accompanied  by  an  increasing  stick  motion  per  pound  of  stick  force  as  n/as 
decreased.  The  experiments  of  References  D3  and  E12,  on  the  other  hand, 
maintained  a  fixed  value  of  stick  motion  per  pound  of  stick  force.  It  appears 
that  pilots  will  accept  somewhat  lower  force  gradients  if  they  can  regain 
some  feel  from  stick  position.  Because  of  the  general  scarcity  of  F^/it  data 
at  low  7t/ac  and  the  apparently  significant  but  poorly  understood  effects  of 
stick  motion  gradients  in  this  flight  regime,  the  lower  limits  on  F^/vt  were 
made  constant  for  all  values  of  v/at  . 

It  is  not  likely  that  the  upper  limits  of  Figure  8  continue  to 
increase  indefinitely  as  */<*.  is  decreased.  Since  the  upper  boundaries  of 
Figure  8  are  fairly  well  supported  by  data  for  values  of  */»  down  to  8.5, 
any  cutoffs  that  might  exist  must  occur  below  */oc  *  8.5.  The  rationale  used 
to  establish  cutoffs  was  that  the  maximum  stick  force  allowed  to  obtain  an 
incremental  2.0  g  at  low  rt/ac  should  be  the  same  as  the  maximum  force  allowed 
to  obtain  -nl  at  high  ft /oc  . 

The  lower  limit  for  Level  3  was  set  at  3.0  pounds  per  g,  which  is 
the  absolute  minimum  specified  in  MIL-F-8785.  The  upper  boundary  for  Level  3 
was  set  by  the  criterion  that  an  incremental  1.0  g  could  be  obtained  with 
the  same  stick  force  required  to  obtain  for  the  upper  Level  1  limit  at 
high  -n/o(  .  The  final  boundaries  for  ^  =7.0  with  a  center-stick  controller 
are  presented  graphically  in  Figure  9.  A  similar  plot  can  be  constructed  for 
any  other  combination  of  limit  load  factor  and  controller. 


Wheel  Controllers 


Since  there  are  few  F^/*  data  available  for  wheel  controllers,  the 
Level  1  limits  for  high  *f/cc  were  initially  set  equal  to  the  transport  values 
of  MIL-F-8785,  which  are  ( t)) and ( fXO/fy - /))  .  Most  of  the  remaining 
limits  for  wheel  controllers  were  established  by  multiplying  the  boundaries 
for  stick  controllers  by  the  ratio  of  the  Level  1  limits  at  high (*/oc)£or 

wheel  and  center-stick  controllers.  This  ratio  is  — \  or  t! 

and  is  equal  to  2.15.  The  upper  Level  1  and  2  cutoffs  at  low  n/et  were  estab¬ 
lished  by  the  criterion  that  the  maximum  wheel  force  allowed  to  obtain  an 
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incremental  1.0  g  at  low  **/«.  should  be  the  same  as  tho  maximum  force  allowed 
to  obtain  at  high  v/t r.  The  upper  Levol  3  limit  was  set  using  the 
rationale  that  an  incremental  0.5  g  could  be  obtained  with  the  same  wheel 
force  required  to  obtain  for  the  upper  Level  1  limit  at  high  -n/oc  .  The 
final  boundaries  for  *  3.0  with  a  wheel  controller  are  presented  graphically 
in  Figure  10. 

To  confirm  whether  or  not  the  wheel-controller  boundaries  obtained 
in  this  manner  are  of  the  right  magnitude,  they  were  compared  against  the 
limited  data  available.  The  primary  source  of  such  data  is  Reference  D44. 

There  is  considerable  disagreement  among  the  pilots  used  in  this  program 
as  to  which  values  of  fs/n  are  desirable,  which  indicates  that  the  evaluation 
tasks  were  not  explained  to  the  pilots  carefully  enough  in  preflight  briefings, 
that  is,  each  pilot  was  probably  conducting  his  evaluation  somewhat  differently. 
The  major  differences  between  pilots,  however,  can  be  accounted  for  by 
dividing  the  12  pilots  into  two  groups  -  one  group  consisting  of  those  pilots 
having  primarily  fighter  backgrounds,  and  the  other  consisting  of  pilots 
having  primarily  multi-engine  experience.  Each  pilot  determined  an  "optimum" 
and  an  "acceptable"  range  of  fj/yt  in  the  evaluation.  Since  it  is  difficult 
to  determine  what  "optimum"  means  in  terms  of  pilot  rating,  only  the  "acceptable" 
range  of  data  was  utilized  here.  Figure  11  shows  the  ranges  of  fj/v  values 
which  were  "acceptable"  to  50%  of  the  fighter  pilots  and  the  ranges  "acceptable" 
to  50%  of  the  multi-engine  pilots.  (The  lower  limit  of  the  range  for 
v/et  -  6.9  and  the  upper  limit  for  ti/oc  =  19  have  not  been  shown  because  the 
text  of  Reference  D44  states  that  these  limits  were  arrived  at  somewhat  hastily.) 
Shown  in  the  same  figure  are  the  proposed  requirements  for  wheel  controllers 
for  rrL  *  2.7,  which  is  the  limit  load  factor  for  typical  B-26  combat  loadings, 
obtained  from  a  B-26  pilot  handbook.  The  rather  large  difference  between  the 
fighter  and  multi-engine  pilots  is  largely  due  to  a  learning  process  which 
continued  through  much  of  the  program  for  many  of  the  pilots.  That  is, 
several  of  the  pilots  with  multi-engine  experience  were  used  to  flying  large 
transports  and  bombers  having  extremely  large  values  of  .  These  pilots 

showed  a  definite  preference  for  very  heavy  gradients  early  in  the  program. 

They  came  to  prefer  lighter  gradients  as  the  program  progressed,  but  the 
"acceptable"  range  of  includes  configurations  evaluated  early  in  the 

program.  The  opposite  sort  of  trend  is  true  of  the  fighter  pilots.  They 
started  the  program  with  a  preference  for  lighter  gradients  until  they  learned 
that  heavier  gradients  were  required  to  prevent  inadvertent  overstressing  of 
the  airplane.  The  multi-engine  pilots  gave  up  their  preference  for  heavy 
gradients  more  slowly  than  the  fighter  pilots  gave  up  the  lighter  gradients, 
however,  so  that  the  ranges  of  values  shown  in  Figure  11  for  the  fighter 

pilots  are  probably  more  valid  than  the  ranges  shown  for  multi-engine  pilots. 

It  is  difficult  to  say  whether  the  "acceptable"  range  should  correspond  to 
the  Level  1  or  Level  2  boundaries.  With  the  above  background  comments  in 
mind,  however.  Figure  11  shows  that  the  requirements  are  the  correct  order 
of  magnitude. 

Also  shown  in  Figure  11  are  two  values  of  /=>/ 77  used  in  the  Boeing 
367-80  landing  approach  study  of  Reference  C18.  A  value  of  40  pounds  per  g 
is  the  value  used  throughout  the  short-period  evaluations,  but  several  pilots 
expressed  a  preference  for  60  pounds  per  g. 
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Another  source  of  data  is  experience  gained  from  CAL's  variable 
stability  B-26  demonstration  programs  for  the  Air  Force  and  Navy  Test  Pilot 
Schools.  The  demonstrations  are  conducted  at  an  *r/ct  oi  12.3,  and  the  pilot 
is  told  that  he  is  evaluating  a  moderately  maneuverable  airplane  with  a 
limit  load  factor  of  3.S.  However,  he  is  also  told  that  the  variable 
stability  system  has  a  load  factor  limit  of  2.5  g.  Assuming  that  the  pilot 
is  effectively  evaluating  a  3.0  g  airplane,  the  requirements  are  23  pounds 
per  g  and  60  pounds  per  g  for  Level  1,  and  19  pounds  per  g  and  91  pounds  per  g 
for  Level  2.  The  CAL  pilots  running  these  programs  have  discovered  that 
40  pounds  per  g  is  a  value  that  "makes  most  pilots  happy,"  while  85  pounds 
per  g  is  "too  high"  and  20  pounds  per  g  is  "too  low."  These  values  are  in 
agreement  with  the  proposed  requirements;  and  while  they  were  determined  in 
a  very  qualitative  manner,  they  are  based  on  the  evaluations  of  hundreds  of 
pilots . 


The  pilot  comments  and  ratings  for  the  few  data  points  of  Reference 
D52  having  fj/vt  about  60  pounds  per  g  indicate  that  this  force  is  an  appro¬ 
priate  upper  value  for  Level  1  when  nL  =  3.0. 

Reference  J53  describes  a  flight  evaluation  of  a  booster  added  to 
the  control  system  of  a  B-29  airplane.  The  from  this  experiment  is 

shown  in  Figure  12,  along  with  the  pilot’s  evaluation  comments.  Also  shown 
are  the  proposed  requirements  for  ■  2.7,  which  is  the  appropriate 

value  for  the  B-29  at  normal  operating  weights.  Unfortunately,  the  pilots' 
assessments  were  overall  assessments  of  the  acceptability  of  a  given  boost 
ratio  throughout  the  speed  range.  Since  Fs  /*  changed  with  speed  for  a  given 
boost  ratio,  the  pilots'  comments  apply  to  a  range  of  Fs /n  ,  rather  than  a 
specific  value.  The  ranges  are  small  enough,  however,  that  the  data  shown 
in  Figure  12  clearly  indicate  the  validity  of  the  requirements.  The  boost 
ratio  caWWtf  best  by  the  pilots  results  in  values  of  F~s /•»  all  well  within  the 
Level  1  boundaries.  The  boost  ratio  of  8.2  which  is  undesirably  light  has 
values  of  which  all  lie  below  the  Level  2  limits.  The  pilot  comments 

for  no  boost  and  for  a  boost  ratio  of  4.6  are  not  very  specific,  but  seem  to 
generally  fit  the  proposed  boundaries. 


Other  Considerations 


There  was  no  attempt  made  to  break  down  the  requirements  further 
according  to  Flight  Phase  Category  because  of  the  lack  of  definitive  data 
indicating  that  such  a  breakdown  is  required.  It  was  also  reasoned  that  a 
number  of  Category  A  Flight  Phases  to  be  performed  by  an  airplane  are  at 
least  crudely  represented  by  the  value  of  ^  designed  into  the  structure. 

The  control-force  gradient  requirements  are  written  in  terms  of  a 
linear  system.  Actual  systems,  however,  exhibit  friction,  backlash,  and  pre¬ 
load,  scattered  throughout  the  flight  control  system,  that  contribute  to 
control  feel  and  breakout  force.  In  assessing  both  local  and  average  gradients, 
then,  such  nonlinearities  should  be  removed  from  consideration  as  best  possible. 
The  requirement  on  control-force  nonlinearity  is  directed  at  spring,  gearing 
and  aerodynamic  nonlinearities. 
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Because  quantitative  limits  on  the  amount  of  nonlinearity  allowable 
are  difficult  to  determine,  the  qualitative  guidance  provided  by  3.3.9  of 
MIL-F-8785  was  retained.  Also,  it  was  decided  that  limits  established  by 
Figures  2a  and  2b  should  apply  to  all  local  gradients,  in  addition  to  the 
average  gradient.  (Physically  the  average  gradient  is  within  the  range  of 
local  gradients.)  This  was  done  because  the  pilot  opinion  data  used  to 
establish  these  limits  were  based  on  considerations  of  small-amplitude 
precision  maneuvers,  as  well  as  gross  maneuvers.  For  precision  maneuvers, 
the  local  gradient,  not  the  average  gradient  over  a  large  range  of  load 
factors,  is  the  important  gradient. 

Lack  of  standardization  prevents  specification  of  gradients  for 
side-stick  controllers.  Data  can  be  found  in  the  literature  for  some  specific 
controller  configurations. 
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T-33  CENTER-STICK  CONTROLLER,  n/*  =  8.5  MANEUVERING  FORCE  GRAD  I  ENT  1>ATA  SUMMARY 

(T— 33,  "FRONT-SIDE"  AND  BOTTOM  DATA  ONLY,  -CENTER  -STICK  CONTROLLER 

REFERENCE  El  2) 


WHEEL  CONTROLLER,  nL  =  2.7  (B-26,  REFERENCE  D44)  WHEEL  CONTROLLER,  nL  =  2.7  (B-29,  REFERENCE  J53) 


3. 2. 2. 2. 2 


CONTROL  MOTIONS  IN  MANEUVERING  FLIGHT 


REQUIREMENT 

3. 2. 2. 2. 2  Control  motions  in  maneuvering  flight.  The  elevator-control 
motions  in  maneuvering  flight  shall  not  he  so  large  or  so  small  as  to  be 
objectionable.  For  Category  A  Flight  Phases,  the  average  gradient  of  elevator- 
control  force  per  inch  of  elevator-control  deflection  at  constant  speed  shall 
be  not  less  than  5  pounds  per  inch  for  Levels  1  and  2. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

The  flying  qualities  investigations  of  References  D34,  D41,  D37,  D52, 
C12,  and  C2  all  included  variations  of  control  position  per  g  as  well  as 
control  force  per  g.  References  C2  and  C12  deal  with  the  landing  approach 
Flight  Phase,  while  all  the  others  are  for  Category  A  Flight  Phases. 

Both  References  C2  and  C12  indicate  unfavorable  pilot  comments  when 
the  control  motions  required  to  maneuver  the  airplane  become  too  large.  Since 
these  investigations  were  specific  simulations  of  some  C-5A  configurations, 
the  short-period  natural  frequency  was  below  the  minimum  Level  1  limit  for 
Category  C  Flight  Phases.  When  the  short-period  frequency  is  low,  the  pilots 
tend  to  overdrive  the  airplane  with  large  pulse-like  inputs  to  speed  up  the 
response.  Therefore  the  pilots  might  not  have  disliked  the  control  motion 
gradients  as  much  if  the  short-period  response  had  been  faster.  Because  of 
the  uncertainties  caused  by  the  low  short-period  frequencies,  and  because  of 
the  limited  amount  of  data,  no  attempt  was  made  to  place  quantitative  limits 
on  control  motion  gradients  for  Category  C  Flight  Phases. 

For  Category  A  Flight  Phases,  however,  large  control  motions  appear 
to  be  more  critical  because  these  flight  phases  involve  rapid  maneuvering  in 
which  large  control  motions  cause  delays  in  making  rapid  inputs.  For  these 
Flight  Phases,  References  D34,  D52,  and  D37  provide  a  fair  amount  of  data. 
Although  the  data  exhibit  inconsistencies,  the  following  general  conclusions 
can  be  made: 

1)  Since  Reference  D41  contains  data  showing  that  zero 
control  motion  is  completely  acceptable  for  good  values 
of  O/w  ,  it  does  not  appear  that  serious  problems 
result  from  too  little  control  motion  by  itself. 

2)  Since  pilot  comments  from  all  programs  indicate  serious 
problems  when  the  motions  become  too  large,  upper  limits 
on  the  motions  appear  necessary. 
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3)  The  general  trend  of  the  data  indicates  that  lines  of 
constant  control  force  per  control  motion  provide  the 
most  consistent  upper  limits  on  control  motions  (see 
Figure  1) . 

Working  under  the  assumption  that  there  are  lower  limits  on  Fj/ 
(upper  limits  on  6j/Fs),  the  Level  1  and  Level  2  boundaries  were  initially 
drawn  as  a  best  fit  to  the  data  of  Figure  1.  There  are  not  sufficient  data 
to  define  a  Level  3  limit.  Although  the  only  data  plotted  were  those  having 
Level  1  values  of  t’j/n  ,  there  are  poorly  rated  configurations  from  Refer¬ 
ences  D34  and  D41  which  lie  inside  the  Level  1  Fg/Ss  boundary.  A  likely 
explanation  for  this  is  that  the  CAL  evaluation  pilot  had  a  preference  for 
higher  values  of  F3/ri  than  do  most  fighter  pilots. 

Because  of  the  limited  data  available  and  because  of  strong  objec¬ 
tions  from  the  manufacturers,  the  Level  1  and  2  limits  shown  in  Figure  1  were 
reduced  to  5  pounds  per  inch.  Examples  of  "good"  operational  airplanes  were 
produced  that  indicate  gradients  lower  than  the  original  lower  limit  can  be 
acceptable,  even  desirable. 


PILOT  RATI  IPO  (CAL  SCALES) 
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3. 2.:. 3  LONGITUDINAL  PILOT- INDUCED  OSCILLATIONS 


REQUIREMENT 

3. 2. 2. 3  Longitudinal  pilot-induced  oscillations .  There  shall  be  no  tendency 
for  pilot-inauced  oscillations,  that  is,  sustained  or  uncontrollable  oscilla¬ 
tions  resulting  from  the  efforts  of  the  pilot  to  control  the  airplane. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.3.S.2 


DISCUSSION 

Introduction 


This  requirement  is  an  expansion  of  3. 3.5.2  of  MIL-F-8785.  It  was 
decided  to  retain  this  qualitative  requirement  because  there  are  many  factors 
determining  the  susceptibility  of  a  given  airplane  to  longitudinal  pilot- 
induced  oscillations  (PIO) .  Some  of  the  known  factors  are  short-period  dynamics, 
control  system  dynamics,  feel  system  phasing,  control  force  and  motion  gradients, 
and  control  system  friction  and  lost  motion.  Although  it  is  hoped  that  most 
PIO's  can  be  prevented  by  the  requirements  in  these  areas,  the  problem  is  not 
well  enough  understood  at  the  present  time  to  make  that  hope  a  certainty. 
Therefore,  3. 2. 2. 3  serves  as  a  check  list  item  and  establishes  the  responsi¬ 
bility  for  correction  of  PIO  problems  with  the  contractor. 

Summary  of  MIL-F-8785B  PIO-Related  Requirements 

Prior  to  the  1940's,  the  flight  and  loading  envelopes  of  most  airplanes 
were  limited  enough  that  Fs/ri  could  easily  be  kept  within  reasonable  limits; 
and  the  relatively  long  tail  lengths  resulted  in  good  short-period  damping 
throughout  most  of  the  flight  envelope.  In  addition,  the  control  systems  were 
low-inertia  mechanical  systems,  deriving  restoring  and  damping  forces  from 
aerodynamic  hinge  moments.  The  dynamics  of  the  control  system  were  therefore 
quite  fast,  and  there  was  little  dynamic  coupling  of  the  airframe  and  control 
system  modes.  Friction  and  free  play  could  cause  appreciable  control  system 
lag  for  small  control  inputs,  however,  resulting  in  control  difficulties  during 
precision  maneuvers.  Considerable  early  research  effort  by  the  NACA  and  others 
was  therefore  directed  at  mechanical  characteristics  such  as  these.  Such  factors 
can  still  cause  difficulties  and  are  therefore  limited  in  Paragraphs 
3.5.2. 1,  3. 5. 2. 2,  and  the  parts  of  3.5.3  and  3. 5.3.1  dealing  with  very  small 
force  amplitudes. 

As  airplane  performance  increased,  it  became  increasingly  difficult  to 
keep  maneuvering  control  forces  (F5/» 7  )  within  reasonable  limits  as  Mach  numbers, 
altitude  and  loading  changed.  In  order  to  minimize  these  variations  in 
normal  acceleration  bobweights  were  often  employed  -  a  practice  which  is  still 
common  today.  The  introduction  of  bobweights  led  to  some  serious  controllability 
problems,  primarily  attributable  to  two  factors.  The  first  is  the  tendency  of 


many  bobweight  designs  to  cause  the  stick  motion  during  rapid  maneuvers  to 
lead  the  buildup  of  stick  force.  This  problem  is  addressed  in  Paragraph  3.5.3. 1. 
The  second  factor  is  the  reduction  in  stick- free  short-period  damping  ratio 
which  usually  accompanies  the  introduction  of  bobweights.  Lower  limits  on  %SP> 
(stick-free)  are  contained  in  Paragraph  3. 2. 2. 1.2.  These  limits  are  not 
sufficient,  however,  when  ^sJ-ri  is  also  low.  In  order  to  limit  problems  due 
to  the  combined  effects  of  low  %sp  (stick-free)  and  low  Fj/7 r  ,>  the  require¬ 
ments  of  3. 2. 2. 3.1  were  devised.  These  two  considerations  will  be  discussed  in 

more  detail  later. 

; 

It  is  important  to  note  that  controllability  problems  due  to  low  £SP 
(stick- free)  and  low  Fj/n  are  not  limited  to  airplanes  employing  bobweights. 

The  current  trend  in  airplane  design  is  toward  highly  augmented  airplanes 
with  rather  poor  short-period  damping  in  the  basic  airframe,  especially  at 
high  altitudes.  It  is  therefore  possible  that  future  airplanes  will  have 
difficulty  in  meeting  the  requirements  of  3. 2. 2. 1.2  and  3. 2. 2. 3.1  in  the  event 
of  total  SAS  failure,  even  if  bobweights  are  not  used. 

Another  important  possible  source  of  PIO  problems  is  a  value  of  u) T1sp 
which  is  too  high.  This  effect  is  limited  by  the  upper  boundaries  of  Para¬ 
graph  3. 2. 2. 1.1.  The  designer  should  be  aware,  however,  that  an  airplane 
which  has  values  of  near  (but  within)  the  upper  limits  of  3. 2. 2. 1.1  can 

still  exhibit  PIO  tendencies  if  is  low.  He  should  therefore  attempt  to 
keep  Fj/t;  well  above  the  lower  limits  of  3.2. 2.2.1  whenever  is  high. 

Again  referring  to  the  trend  toward  highly  augmented  airplanes,  another 
source  of  controllability  problems  is  likely  in  the  future.  Complex  SAS  systems 
have  a  tendency  to  increase  the  number  of  dynamic  modes  involved  in  the  maneuver¬ 
ing  response  of  the  airplane,  and  the  in-flight  experiments  of  Reference  J59 
show  that  the  higher-order  dynamics  of  such  systems  can  cause  serious  PIO's. 

The  requirements  of  3.5.3  are  designed  to  prevent  such  problems  (see  the 
discussion  for  Paragraph  3.5.3). 

The  above  discussion  is  by  no  means  a  complete  list  of  all  the  factors 
which  can  contribute  to  PIO's.  For  additional  details,  the  reader  is  referred 
to  Sections  H  and  J  of  the  bibliography. 

A  study  of  the  history  of  PIO  problems  shows  that,  of  the  possible  causes 
listed  above,  the  use  of  bobweights  has  been  a  major  contributor  to  PIO's.  Since 
bobweights  are  also  likely  to  be  used  in  the  future,  it  is  important  that  their 
effects  on  the  dynamics  of  the  airframe  and  control  system  be  well  understood. 

To  this  end,  the  following  discussion  applies  simplified  linear  descriptions  of 
these  dynamics  to  specific  airplanes  having  bobweight-related  PIO  problems, 
from  the  early  1940' s  to  the  present.  This  discussion  is  intended  to  illustrate 
the  major  problems  which  are  amenable  to  analysis  at  the  design  stage,  and  is 
not  intended  to  be  a  complete  description  of  any  particular  PIO  problem. 
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Following  these  analyses  of  specific  ?I0  cases,  an  attempt  is  made  to 
generalize  the  results  and  provide  guidance  in  the  design  of  control  systems 
employing  bobweights. 

Historical  Development  of  Bobweight-Related  PIQ  Problems 

By  the  late  1930's,  airplane  performance  had  increased  to  the  point  that 
it  became  increasingly  difficult  to  keep  control  forces  within  reasonable 
limits.  In  particular,  began  to  exhibit  large  changes  with  altitude  and 

loading.  The  obvious  way  to  deal  with  this  problem  was  to  replace  control- 
force  gradients  due  to  ,  which  are  sensitive  to  altitude  and  loading,  with 
gradients  which  are  insensitive  to  these  factors.  This  was  often  accomplished 
by  adding  a  bobweight  and  reducing  the  elevator  aerodynamic  balance  to  near 
zero.  This  type  of  control  system  has  caused  some  rather  serious  controllability 
problems.  In  the  early  1940 's,  the  NACA  performed  analytical  and  experimental 
studies  aimed  at  this  problem  (References  J54,  JS5,  JS6,  J73,  J74) .  In  partic¬ 
ular,  References  J54  and  J55  studied  specific  airplanes  with  control  problems. 

The  pilots  described  their  difficulties  as  resulting  from  unduly  light  control 
forces  during  rapid  control  movements  and  the  uncertainty  of  control  in  rough 
air.  Obviously,  the  control  characteristics  in  rough  air  can  be  somewhat 
peculiar  when  forces  proportional  to  the  airplane  responses  are  fed  back  directly 
to  the  stick.  However,  the  control  problem  seemed  to  be  related  primarily  to 
the  light  forces  in  rapid  maneuvers. 

As  a  result  of  its  studies,  the  NACA  proposed  a  criterion  to  deal  with 
the  control  problem,  which  eventually  became  Paragraph  3.3.10  of  MIL-F-8785. 

The  criterion  required  measurement  of  the  ratio  of  peak  stick  force  to  peak 
normal  acceleration  during  rapid  pull- and- return  stick  movements  of  various  time 
durations.  The  requirement  was  that  these  ratios  never  be  less  than  the  steady- 
state  value  of  .  If  these  ratios  are  plotted  versus  the  reciprocal  of  the 

input  duration  time,  the  upside-down  version  of  a  crude  Bode  plot  is 

obtained: 


Since  the  control  system  natural  frequency  of  these  airplanes  was  significantly 
greater  than  (stick-free),  the  dip  in  the  curve  corresponds  to  the  resonance 

at  the  stick- free  short-period  natural  frequency;  and  the  ratio  of  the  minimum 
value  to  the  steady-state  value  is  a  measure  of  the  stick-free  short-period 
damping  ratio.  From  all  this,  it  is  apparent  that  the  NACA  sudden-pullup 
criterion  required  (stick-free)  to  be  on  the  order  of  0.7,  which  is 

Jr 
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unnecessarily  high.  The  data  used  in  the  requirements  of  3.2.2. 1.2,  for 
example  show  that  it  is  possible  to  obtain  a  very  good  airplane  with  =  0.35 
(.stick  fixed  and  free).  Thus,  it  is  quite  normal  and  satisfactory  to  have 
'  ■*/’'/  at  tbe  res°nant  dip  only  65%  of  steady-state  .  it  is  obvious 

therefore,  that  the  sudden  pullup  criterion  is  unduly  restrictive  and  that 
tne  ettects  of  $sp  (stick-free)  are  more  properly  treated  by  the  stick-free 
requirements  of  Paragraph  3. 2. 2. 1.2.  Since  most  of  the  undesirable 

n°™TictlCTS  ev?iuated  by  the  NACA  had  #5P  (stick-free)  on  the  order  of 
0.30-0.35,  it  would  appear  that  there  was  much  more  to  the  problem  than 
(stick-free)  alone. 

Piven  vain!  £*r*net*r  iaknown  to  have  a  strong  influence  on  whether  a 

given  value  of  SsP  (stick-free)  will  cause  PIO's.  A  new  PIO  criterion  which 
takes  into  account  the  influence  of  ,  is  discussed  under  Paragraph 

5. 2. 2. 3  i  This  criterion  requires  that  .  (which  is //>/*/  at  the 

resonant  dip)  be  greater  than  a  specified  value  (see  the  sketch  above)  Since 
\llTl  °f  the  undesir*ble  configurations  evaluated  by  the  NACA  were  marginally 
51S  1a"'lt'  tHl!  criterion  rejects  part,  though  not  all,  of  thf 
problem.  In  order  to  understand  the  entire  problem,  it  is  first  necessary  to 
describe  mathematically  the  dynamics  of  the  airframe  and  control  system. 

The  dynamic  characteristics  of  airplanes  having  unpowered  control 
systems  can  be  described  by  starting  with  a  block  diagram  representation  of 
the  linearized  constant-speed  dynamics: 


OPEN-LOOP  CONTROL  SYSTEM 


AIRFRAME 


*  * 

■1  * 
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e  open- loop  control  system  characteristics  are  determined  by  the  mechanical 
gearing  the  control  system  inertia,  and  the  hinge  moment  parameters  H s  and 
.  airframe  characteristics  are  represented  by  standard  constant*-speed 

transfer  functions,"  referenced  to  the  airplane's  center  of  gravity.  The  X 
and  Afj,  feedback  gains  represent  the  feedbacks  caused  by  bobweights  or  mass 
unbalance  in  the  control  system.  The  feedback  gain  is  caused  by  the 

elevator  hinge  moment  parameter  H*e.  The  parameters  (ae/*  ),  (aJa),  and 
(ae/«  )  are  included  to  account  for  the  changes  in  the  local  flow  angle  at 
h®  ^°ri^ontal  tail  contributed  by  the  pitching  motions,  the  downwash  angle, 
and  the  downwash  lag.  Combining  the  feedback  loops,  we  have: 
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the  feedback  loop  of  this  block  diagram  will  result  in  a  fourth-order 
rist-  ecluati0n,  which  normally  factors  into  two  complex  pairs  The 
closed- loop  dynamics  can  then  be  expressed  as  follows:  P 
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Note  that  the  primed  modal  parameters  denote  stick- free  characteristics  and 
unprimed  parameters  denote  stick- fixed  values.  Since  the  responses  of  both 
the  control  system  and  the  airplane  to  stick  force  inputs  are  composed  of  two 
second-order  modes,  it  is  rather  arbitrary  which  closed- loop  mode  is  called 
the  stick-free  short-period  mode.  Since  none  of  the  airframe  zeros  are  likely 
to  be  near  either  mode,  however,  the  mode  having  the  lower  natural  frequency 
will  probably  dominate  the  airplane's  response  to  stick  force  inputs. 

By  applying  these  mathematical  descriptions  to  a  specific  airplane 
which  the  NACA  studied,  such  as  the  P-63A-1  described  in  Reference  154, 
further  insight  into  the  control-system  problems  of  the  1940's  can  be  gained. 

The  basic  control  system  of  the  P-63A-1  described  in  Reference  J54 
consisted  of  a  3.7  lb/g  bobweight  in  conjunction  with  closely  balanced  experi¬ 
mental  elevators.  The  airplane  showed  relatively  small  variations  in  steady- 
state  ,csp  with  altitude  and  loading,  but  pilots  complained  about  the  light 
forces  associated  with  rapid  control  movements.  There  are  not  sufficient  data 
in  Reference  J54  to  determine  accurately  the  numerical  values  of  the  dynamic 
parameters  discussed  above.  However,  by  carefully  studying  what  data  are 
available  and  making  some  approximations,  a  rough  picture  of  the  dynamics  can 
be  obtained.  The  following  root- locus  plot  shows  the  relative  locations  of  the 
various  poles  and  zeros  of  th e  SeCS)/ (s)  transfer  function  as  the  root-locus 
gain  (Kf.  u)£aS)  is  varied.  (Note  that  the  inverse  of  Sc /Fc5  (' ^csj  is 

equivalent  to  the  control  system  inertia;  so  that  for  a  fixed  inertia,  the 
root-locus  gain  is  a  constant  times  k(p  ,  which  is  primarily  composed  of 
contributions  from  and k.g  :) 
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Thus  it  is  seen  that  the  location  of  the  feedback  zeros  causes  to  increase 

and  %'sp  t0  decrease,  as  the  root-locus  gain  is  increased.  (In  practice,  changes 
in  Ky,  and  ^  which  alter  the  root-locus  gain  will  also  change  the  control  system 
inertia,  so  that  cS  will  vary  somewhat  with  the  root-locus  gain.  For  purposes 
of  the  following  discussions,  however,  it  is  acceptable  to  assume  c5  remains 
fixed  as  the  loop  gain  is  varied.)  The  influence  of  reduced  'j'SP  has  already 
been  discussed.  However,  some  interesting  consequences  result  from  the  fact 
that U)^SP  andd^cj  are  both  appreciably  greater  than  ^yj6P  •  Referring  to  the 
transfer  function  of  the  closed- loop  control  system,  8&C5J  ,  the  following 

Bode  plot  is  obtained:  F  ($) 


The  fact  that  |  is  higher  at  high  frequencies  than  at  low  frequencies  is 

believed  to  be  a  major  source  of  the  pilots'  comments  concerning  light  stick 
forces  during  rapid  stick  movements.  Some  of  this  increased  amplitude  is  due 
to  the  resonance  caused  by  low  Jfjp  ,  but  this  aspect  is  limited  by  3. 2. 2. 3.1. 
However,  the  effects  of  low  are  further  aggravated  by,  the  fact  that  the 
asymptotic  Bode  plot  shows  increased  |  |  whenever  ^7»jpand  u)'-^  axe 

appreciably  greater  than  .  If  this5  last  effect  is  signifiant, 

will  exhibit  phase  lead  at  intermediate  frequencies,  as  shown  above.  By  * 
limiting  this  phase  lead  in  Paragraph  3. 5. 3.1,  it  is  thought  that  problems  due 
to  light  forces  during  rapid  control  movements  can  be  minimised. 

In  summary  then,  the  controllability  problem  of  the  P-63A-1  was 
partially  due  to  the  low  (rs  /y>  )  W//7  caused  by  low  %'SP  and  low  Fs!n  ,  but 
appeared  to  be  mostly  due  to  peculiar  feel-system  characteristics.  When  the 
pilot  attempted  a  rapid  maneuver,  the  initial  stick  movement  was  accompanied 
by  very  light  forces.  As  the  airplane  response  developed,  the  pilot  had  to 
increase  his  applied  force  in  order  to  hold  the  initial  elevator  input.  With 
normal  feel-system  phasing  (i.e.,  position  in  phase  with,  or  lagging  the  force), 
the  pilot  is  probably  not  too  concerned  with  stick  position,  at  least  in  up- 
and-away  flight.  But  the  peculiar  phasing  of  the  P-63A-1  feel  system  (i.e., 
position  leading  force)  apparently  made  it  difficult  for  the  pilot  to  determine 
the  proper  elevator  inputs  needed  to  control  the  airplane. 


It  is  interesting  to  note  that  the  controllability  of  the  P-63A-1  was 
zi ^"ificantly  improved  by  introducing  a  mechanical  feel  device  into  the  control 
s  .ten.  The  effect  of  this  device  was  to  increase  and  introduce  a  new 

low-fr  iquency  fir^t-order  mode.  The  block  diagram  of  this  system  is  as  follows: 


Open- loop  Control  System 
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and  the  closed- loop  form  is: 
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From  the  data  available  in  Reference  J54,  it  is  possible  to  determine  that  the 
root  locus  of  &e.(&)jFs  (s)  has  the  following  form: 


The  Bode  plot  of  the  closed- loop 


SlH> 
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transfer  function  is  as  follows: 


Introduction  of  the  feel  device  did  not  significantly  improve  ,  yet  the 
pilots  reported  that  the  controllability  of  the  airplane  was  greatly  improved. 
The  major  difference  between  the  original  control  system  and  the  modified 
system  is  that  the  modified  system  exhibits  no  amplitude  magnification  or  phase 
lead  in  -^c at  frequencies  above  • 

By  the  early  1950's,  fully  powered  (irreversible)  control  systems  were 
coming  into  use  on  production  airplanes.  Typically,  these  systems  employ 
bobweights  to  keep  Fs/n  within  reasonable  limits  with  changing  loading  and 
flight  condition.  For  the  unpowered  control  systems  of  the  1940's,  fj/>r  was 
fairly  constant  with  speed.  For  powered  systems,  however,  Fs/v  tends  to 
decrease  rapidly  with  increasing  equivalent  airspeed  because  of  the  contri¬ 
bution  of  the  feel  springs.  Thus,  the  low  due  to  the  bobweight,  combined 


143 


with  low  ,  makes  the  high  dynamic-pressure  flight  regimes  particularly 

PlO-prone.  For  most  high-performance  aircraft,  the  highest  dynamic  pressures 
are  encountered  at  high  speeds  and  low  altitudes.  Several  high-performance 
aircraft  of  the  1950's  have  experienced  catastrophic  PIO's  in  this  flight 
regime. 


The  dynamic  characteristics  of  an  airplane  with  a  fully  powered  control 
system,  bobweight,  and  feel  spring,  are  quite  similar  to  those  of  an  unpowered 
system,  except  for  the  lack  of  any  °<e  feedback  and  the  addition  of  the 
elevator  servo  dynamics  (introduction  of  the  servo  means  that  the  stick  and 
elevator  no  longer  have  the  same  dynamics). 


OPEN-LOOP  FEEL  SYSTEM  ELEVATOR  SERVO  AIRFRAME 


With  the  bobweight  loop  closed,  the  dynamics  are  as  follows: 


CLOSED- LOOP  FEEL  SYSTEM  ELEVATOR  SERVO 
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One  rather  well-documented  example  of  a  control  system  of  this  type 
which  caused  PIO's  was  the  A4D-2  airplane  (Reference  Hll).  In  the  high-speed, 
low-altitude  regime,  the  dynamic  characteristics  were  of  the  following  form: 
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The  original  configuration  has  very  low  %sp  and  low  •  Because 

is  less  than  sp ,  there  is  also  appreciable  phase  lead  in  /  F^rs) 

Note  that  because  the  total  damping  of  all  the  roots  must  remain  constant, 
the  presence  of  the  elevator  servo  causes  the  damping  of  the  control  system 
and  short-period  roots  to  decrease  much  faster  than  was  possible  with  the 
unpowered  system.  The  PIO  problem  was  virtually  eliminated  by  modifying  the 
control  system/to  increase  #g  and  decrease  .  This  resulted  in  a  smaller 
decrease  in  %sp  and  in  w'Vsp  being  less  than  c<J>tSP  ,  so  that  there  was  no 
phase  lead  in  . 

In  the  early  1960's,  the  T-38A  airplane  was  introduced  into  service. 
This  airplane  also  had  PIO  problems  in  the  low-altitude,  high-speed  regime 
with  pitch  damper  inoperative  and  a  concentrated  campaign  was  conducted  to 
modify  the  control  system  (References  HS  and  H7) .  The  dynamic  characteristics 
of  the  airplane  (damper  off)  in  the  critical  flight  regime  are  as  shown  below: 


✓ 

As  with  the  A4D-2,  the  original  T-38A  control  system  had  very  low  and 
(rs/v)  »  as  well  as  considerable  phase  lead  in  < f^rs)/ F^rs)  .  In  the  case 
of  the  T-38A,  however,  the  size  of  the  bobweight  was  simply  reduced  (  A’g  was 
reduced  in  proportion  to  ) .  Thus  the  poles  and  zeros  of  the  modified  system 
are  the  same  as  those  of  the  original  system,  except  that  cs  is  increased 
due  to  the  reduced  control  system  inertia  and  increased  feel  spring  size. 

Thus,  no  fundamental  changes  in  the  nature  of  the  control  system  dynamics  were 
made,  but  the  severity  of  the  problem  was  considerably  reduced  by  reducing  the 
loop  gain. 

In  the  late  1950's,  the  F-4  airplane  was  introduced  into  service.  Like 
the  A4D-2  and  T-38A  this  airplane  had  serious  PIO  problems  at  high  speeds  and 
low  altitudes,  with  the  pitch  damper  off.  Until  recently,  the  problem  has 
been  avoided  by  warning  pilots  to  avoid  the  high-speed  low-altitude  regime  with 
dampers  off.  Recently  the  Air  Force  evaluated  a  proposal  modification  to  the 
control  system  (Reference  P2),  which  reduced  the  PIO  tendencies.  The  dynamics 


of  the  airplane  with  the  original  control  system  are  estimated  to  be  similar  to 
those  of  the  A4D-2  with  its  original  system,  except  that  w*,  Is  higher  for 
the  1-4.  Unlike  the  A4D-2,  however,  the  system  of  the  l'-4  was  modified  by 
simply  reducing  the  size  of  the  bobweight,  without  moving  the  bobweight  zeros. 

Design  Options  (Fully  Powered  Control  Systems ) 

from  the  above  historical  development,  it  would  appear  that  the  use  of 
bobweiglus  is  bound  to  create  problems.  The  most  obvious  way  to  avoid  these 
problems  is  to  avoid  using  bobweights  entirely,  and  minimize  variations  in 

by  using  such  devices  as  dynamic-pressure-sensitive  feel  springs  or  gain 
scheduling.  Of  course,  there  are  practical  problems  associated  with  the  use 
of  these  devices  also,  so  that  bobweights  will  probably  continue  to  bo  employed 
in  many  cases.  While  it  is  true  that  there  are  potential  problems  associated 
with  the  use  of  any  device  which  causes  the  stick-free  dynamics  to  differ 
appreciably  from  the  stick-fixed  dynamics,  careful  design  can  minimize  the 
problems.  The  following  paragraphs  give  some  guidance  in  the  design  of  control 
systems  employing  bobweights. 

The  above  examples  of  airplanes  having  Pli)  problems  due  to  bobweight 
have  made  it  obvious  that  the  locations  of  the  feedback  zeros  arc  of  paramount 
importance.  Therefore,  it  will  be  useful  to  examine  tie  previously  desired 
expression  for  these  zeros.  Assuming  a  fully  powered  control  system  ( 4^  *  ()), 
the  expression  for  '  to >  s  +«>*)  reduces  to:  r 


g  /  f 

\f  ** 

r-(T  S  r,J 

«i>  M<re  -  «n(^) 

.  »  (»  J 

(Note  that  this  expression  is  similar  to,  but  more  general  than,  the  expression 
developed  in  Appendix  I  of  Reference  J60.)  The  effects  of  can  be  accounted 
for  by  defining  a  length  4^  a P •  Physically,  this  is  equivalent  to 
replacing  the  entire  control  system  with  a  simple  point-mass  bobweight  located 
a  distance  4^  ahead  of  the  airplane  center  of  gravity. 


w  ,, 
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In  addition,  a  distance  j£c^  con  be  defined  as  the  distance  of  the  center  of 
percussion  ahead  of  the  c.g.  The  center  of  percussion  is  the  location  in  the 
uirplane  where  the  initial  normal-acceleration  response  to  a  step  control 
input  is  zero.  The  initial  normal-accleration  response  a  distance  £  ahead 
of  the  c.g.  can  be  expressed  as  follows  for  a  step  input: 

«,■/'»)  v-  lfjsilii.1 
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Now,  from  the  above  definition  of  center  of  percussion,  n  initial  *s  zer0  when 
t'tcp'’ 

/  1. 


t'ntuJ 


■  °  •  *t  ("f~ '  \) 
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(positive  for  aft-tailed  airplanes) 


n  addition  to  the  above  expressions  for  £ *  and  Jqt  ,  it  is  known  that 
rn*  rnt  <<  7J,  Tnt  >  that  the  following  assumption  can  be  made: 


}  >S  %»/ 


Also  it  can  be  shown  readily  that 
t  t 
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Finally,  the  expression  to  be  solved  for  the  feedback  zeros  reduces  to: 

s**  77  s  *  ~  (j~r~)  a° 

.  *■  '  b  *C/>J j  L  **  *  CP  _ 
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The  previously  derived  block-diagram  representation  of  a  fully  powered  control 
system  can  now  be  simplified  to  the  following  form: 


i  k 
P 


Thus  for  a  given  airframe,  flight  condition,  set  of  control  system  dynamics, 
and  ,  the  closed-loop  (i.e,,  stick-free)  roots  describe  a  locus  on  the 
complex  plane  which  is  determined  by  the  open- loop  poles  and  zeros  shown  in 
the  above  diagram.  The  locations  of  the  roots  along  the  locus  are  determined 
by  the  root- locus  gain,  which  is: 

i~tr)  "'cs  (lf~)  fe)  (  T  M*e)  ^  '  £cp) 

The  steady-state  stick  force  per  g  can  be  expressed  as  the  sum  of  feel -spring 
(  VJf  )  and  bobweight  (A)  components: 
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the  expression  for  the  feel  system  component  of  Fe  /  n  can  be  written 


from  which 


} 

Finally  the  root-locus  gain  can  be  expressed  as 
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Thus  the  locations  of  the  stick-free  roots  along  the  locus  are  determined  by 
the  ratio  of  the  contributions  of  the  bobweight  and  the  feel  spring  to  . 

In  order  to  minimize  the  variations  of  with  flight  condition  and 
loading,  it  is  desirable  to  makeffs/v) b  fairly  high.  Therefore,  it 

is  desirable  to  arrange  the  open-loop  control-system  poles  and  zeros  to  obtain 
desirable  closed-loop  root  locations  over  as  much  of  the  locus  as  possible. 

To  this  end,  it  is  interesting  to  sketch  the  locations  of  the  feedback  zeros 
for  various  values  of  Jt ^  : 

>  £,Cp  (Equivalent  point-mass  bobweight  ahead  of  center  of  percuss i on) 

INCREASING  i  ^ 

FROM  -ltp  \ 


u.  X 


0 ,  if  s  - 

*  +  oo 


"(r  i) 


2b  INCREASING  / 

FROM  Jtb  «  £cp 

It  can  be  seen  that  the  zeros  are  normally  complex  for  >Jcp  .  From  the 
previously  derived  expressions  for  the  feedback  numerator  quadratic, 

(J*  +  *  *+•*>* ) 


there  results 


/  UJ 

■y  / 


The  shape  of  the  path  which  the  zeros  follow  as  varies  is  a  function  of 
V  and  £Cp  .  If  the  airplane  has  a  very  large  tail  length (2cp *  0)  ,  the  path 
of  the  zeros  is  almost  a  vertical  linef'jyu^,  ■=»  cowsiavt  =  j—  ).  If  V  is  low 
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and  the  tail  length  is  short  (  £Cp  large),  the  path  curves  more  rapidly  to  the 
left.  Unless  -&Cp  is  very  large,  however,  the  path  of  the  zeros  will  nearly 
always  pass  to  tne  right  of  the  short -period  poles. 


The  zeros  are  seen  here  to  become  real  when  <2Cf,  ,  and  can  be  described  as: 

*  /r/f)  (*+  y^)\ 

where  Vt,  is  positive  and  f/r.  is  negative, 

7  *3. 

With  the  above  background  in  mind,  it  is  now  possible  to  examine  some 
of  the  options  available  to  the  designer  in  controlling  the  relative  positions 
of  the  poles  and  zeros.  Obviously,  the  short-period  and  elevator  servo  poles 
are  the  least  practical  poles  to  alter.  The  control  system  poles  can  be  altered 
fairly  readily  by  changing  the  size  of  the  feel  spring  (tov  ) and  by  introducing 
a  viscous  damper  ( %cs  <*>  v  cs)  .  The  feedback  zeros  can  also  be  altered  easily, 
but  since  V  ,  JLCp  ,  and  //r^are  normally  set  by  other  aspects  of  the  airplane 
design,  the  control  system  designer  can  affect  the  location  of  the  zeros  only 
through  changes  in  £±  .  Thus,  the  designer  can  alter  the  control  system  poles 
and  the  feedback  zeros  quite  easily,  but  the  feedback  zeros  are  constrained  to 

move  along  fixed  paths  defined  by  V  ,  /  ,  and  Vp  . 

°P  ' 


At  this  point,  it  is  useful  to  sketch  the  loci  of  the  stick-free  roots 
for  various  locations  of  the  control  system  poles  and  feedback  zeros: 
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Configuration  (a)  is  similar  to  the  A4D-2  with  the  modified  control  system, 
and  is  generally  fairly  good.  As  (  ^sln  J b  /  (  *s  increased, 

reduced;  but  this  should  be  no  problem  if  is  greater  than  the  minimum 
limits  of  3.2.2. 1.1.  Also,  jf  'sp  is  reduced;  but  this  effect  can  be  minimized 
by  keeping  ^significantly  lower  than  In  addition,  $  cs  decreases;  but 

this  problem  can  be  minimized  by  keeping  ($es a>»  )high.  High  values  oi(^cso)^c^ 
also  have  the  effect  of  slowing  the  reduction  of  Because  u>njpis  less 

than  ,  there  will  be  no  phase  lead  in  the  feel  system.  This  is  a 

desirable  feature,  as  explained  in  the  historical  development. 

(b)  h  >  *cF  (^sp  <  <  ^vCi) 


LOW  CONTROL 
SYSTEM  DAMPING 


NIGH  CONTROL 
SYSTEM  DAMPING 


r 


Q  af 

£0*  * 


Configuration  (b)  is  similar  to  the  A4D-2  with  the  original  control  system, 
and  the  effects  of  normal -acceleration  feedback  are  generally  degrading.  Both 
$cs  and  %jp  decrease  rapidly  with  increasing  (frs/>t)b  (fa /■») /s  •  Increasing  the 
control  system  damping  will  improve  Jf'cs  ,  but  will  cause  to  decrease  more 
rapidly.  Because  will  be  greater  than  oOy,  ,  there  will  also  be  phase 

lead  in  the  feel  system.  P 


(c)  £b  *  £zp  (ty  >  uJr>c;>) 

LOW  CONTROL  f 

SYSTEM  DAMPING  / 


HIGH  CONTROL 
SYSTEM  DAMPING 
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Configuration  (c)  is  similar  to  the  T-38A,  and  is  oven  less  desirable  t.|mn 
configuration  (b) .  The  short-period  damping  decreases  very  rapidly  with 
increasing (Fs/?>)h  an<*  there  is  phase  lend  in  the  feel  system 

because  <j'y,  is  greater  than  Increasing  the  control  system  dumping  will 

reduce  the^el  system 'phase  lead  slightly,  but  will  have  little  effect  on  . 


Notice  that  the  root  locus  presented  for  configuration  (.d)  is  a  reverse  locus, 
i.e.  ,  the  root-locus  gain  is  negative.  In  fact,  the  root-locus  gain  is  negative 
whenever  <Jop  ,  if  the  bobweight  is  to  make  a  pos  itive  contribution  to  ^5 jn  , 
as  can  be  seen  from  the  following  previously  derived  expression: 


loop  gain  = 


4,-4 


Cf> 


{< 


(Or, 


'5  P 


The  configurations  shown  above  have  problems  very  similar  to  those  of  configuration 
(c) . 


From  the  above  examples,  it  is  fairly  obviou_s  that  the  best  way  to 
ensure  maximum  design  flexibility  in  the  choice  I  n ) /,  j  I'D  )fc,  is  to  make 

Jq jquite  large  and  positive,  so  that^  is  less  than^o*?.  At  the  same  time, 
should  not  be  so  low  that  0J’n^p  becomes  too  close  to  the  lower  limits  of 
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3. 2. 2. 1.1.  Since  <*>*^*111  never  reach  u>^  for  usable  values  of (^s/v)^ /(^sJ»)fs 
it  is  probably  reasonable  to  design  equal  to  the  appropriate  minimum  value 
of  «->„  from  3. 2. 2. 1.1.  Thus,  a  useful  design  criterion  for  selection  of  is 


z 

Tturt 


lixcept  for  flight  conditions  having  low  dynamic  pressure  (low*/*)*  the 
limits  of  3. 2. 2. 1.1  are  actually  lines  of  constant  to*  j(v/ 'x )  ,  so  that 

the  above  criterion  can  be  expressed  as:  Jp 


(v^ &  m(  (>  0 


so  that  the  design  criterion  finally  reduces  to: 

* 


3  ’  (  Ln 


where 


CP 


. 

=  t *&. 


With  determined  by  this  criterion  and  with  good  control  system  damping. 
(tynh  /  (As /»)  /.j.  can  be  increased  to  reasonably  large  values,  the  maximum 

value  being  limited  primarily  by  (i, 2. 2. 1.2 )  (3, 2. 2, 3.1),  and  jf' 

(3. 5. 3. 2).  Those  configurations  which  have  low  enough  so  that 
should  also  be  checked  for  feel  system  phase  lead  (3. 5. 3.1).  Note  that  by 
blending  forward-  and  aft-mounted  bobweights ,  4 4  can  be  made  as  large  as 
desired,  regardless  of  the  airplane  length. 
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Design  Options  (Unpowered  Control  Systems) 

In  the  general  case,  the  dynamics  of  airplanes  having  unpowered 
control  systems  are  more  difficult  to  analyze  than  those  of  airplanes  having 
fully  powered  control  systems.  The  dynamics  are  somewhat  similar  in  nature, 
but  the  feedback  zeros  for  the  unpowered  case  are  more  complicated  because 
of  the  influence  of  the  elevator  hinge  moment  parameter  Normally,  how¬ 

ever,  it  is  reasonable  to  divide  such  control  systems  into  two  types:  those 
having  a  bobweight  with  0  ,  and  those  having  negligible  mass  unbalance. 
The  former  type  will  be  considered  first  because  it  is  the  type  most  likely 
to  cause  problems. 


■*  V 
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For  those  cases  where  0  ,  the  feedback  zeros  can  be  described  in 
the  same  form  as  for  the  powered  control  system.  The  block  diagram  represen¬ 
tation  for  the  unpowered  system  is  therefore: 


Root-locus  plots  for  various  values  of  and  control  system  damping  are 
similar  to  those  given  previously  for  powered  contr.u  systems.  Some  root- 
locus  plots  for  JL ^  >  &Cp  ,  for  example,  are  as  follows: 

UNPOWERED  CONTROL  SYSTEMS 


By  comparison  of  these  loci  with  those  of  the  powered  control  system,  it  is 
apparent  that  there  is  less  tendency  for  the  loci  of  the  unpowered  system  to 
cross  the  imaginary  axis.  This  improvement  in  the  combined  damping  of  the 
control  system  and  short-period  modes  is  due  to  the  absence  of  the  elevator 
servo  root.  In  fact,  the  roots  are  now  constrained  to  move  in  such  a  manner 
that($cs  u)„cs+  held  constant.  Thus,  it  is  likely  that  the  design 

of  a  suitable  bobweight  for  an  unpowered  control  system  will  be  somewhat  less 
critical  than  for  a  powered  system. 
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In  view  of  the  above  examples,  the  comments  made  in  the  previous 
section  concerning  the  root  loci  for  various  values  of  ^  apply  also  to  the 
unpowered  control  system,  with  the  exception  that  and  }f's  decrease  less 

rapidly  for  the  unpowered  system  as  (rs Mb/fc/it)  is  increased.  Thus, 

the  unpowered  system  can  also  have  serious  problems,  and  should  therefore 
be  designed  with  the  same  care  as  a  powered  system. 

In  the  case  of  an  unpowered  control  system  which  is  mass  balanced  but 
has  ,  the  feedback  zeros  are  quite  different  from  those  for  a  bobweight 
system.  Referring  back  to  the  general  expression  for  the  feedback  numerator 
quadratic  given  in  the  historical  development,  the  expression  reduces  to  the 
following  form  with  Kg  *  Kn  *  0  : 
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Using  the  approximate  relationship  ( f/ra)  -  (v  j-4  )  ,  valid  when 

,  the  zeros  can  be  expressed  as  the  roots  of: 
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Since  this  polynomial  normally  factors  into  two  widely-separated  zeros  on  the 
negative  real  axis,  the  expression  factors  as  follows: 
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(extremely  large) 
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The  resulting  root-loci  are  as  follows: 
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If  the  elevator  is  aerodynamical ly  balanced  (^ol^  °)  »  the  stick-free  roots  are 
identical  to  the  stick-fixed  roots.  As  ^(.becomes  negative  (approaching  a 
simple  elevator  with  the  hinge-line  near  its  leading  edge) ,  <4^,  ^  is  reduced 
and  &  is  increased.  As  ''^becomes  more  negative,  the  stick-free  short-period 
becomes  overdamped.  Finally,  a  real  root  reaches  the  origin  (Fs/n-o)  ,  and  then 
goes  unstable  (of  course,  the  picture  is  actually  somewhat  more  complicated  than 
this  because  of  the  interaction  of  the  low-frequency  real  root  with  the  phugoid 
mode).  This  is  the  classic  situation  associated  with  the  design  of  unpowered 
control  systems,  and  the  main  problem  is  to  keep  ^'n^p  above  the  minimum  limits 
of  3. 2. 2. 1.1.  It  is  not  likely,  however,  that  negative  Ha *  will  cause  PIO 
problems. 

As  /(^becomes  positive,  the  above  sketch  shows  that  decreases  and  is 
likely  to  become  unstable.  If  jf e<s  is  increased,  the  stick-free  control  system 
roots  will  move  toward  -r-  ,  but  the  stick-free  short-period  roots  will  move 

in  the  unstable  direction^  In  either  case,  there  will  be  phase  lead  in  the 
feel  system  because  p-  The  configuration  is  somewhat  similar  to  a 

bobweight  configuration  with  ep  »  and  is  rather  poor.  Therefore,  a 
properly  designed  bobweight  is  definitely  preferable  to  use  of  positive  , 
as  a  means  for  reducing  variability  in  .  e 


<  *■ 
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3. 2. 2. 3.1  TRANSIENT  CONTROL  FORCES 


REQUIREMENT 

3. 2. 2. 3.1  Transient  control  forces.  The  peak  elevator-control  forces  developed 
during  abrupt  maneuvers  shall  not  be  objectionably  light,  and  the  buildup  of 
control  force  during  the  maneuver  entry  shall  lead  the  buildup  of  normal 
acceleration.  Specifically,  the  following  requirement  shall  be  met  when  the 
elevator  control  is  pumped  sinusoidally.  For  all  input  frequencies,  the  ratio 
of  the  peak  force  amplitude  to  the  peak  normal  load  factor  amplitude  at  the 
c.g.,  measured  from  the  steady  oscillation,  shall  be  greater  than: 


Center-Stick  Controllers 


Wheel  Controllers 


3.0  pounds  per  g 
6.0  pounds  per  g 


RELATED  MIL-F-8785  PARAGRAPHS 


3.3.10 


DISCUSSION 

The  requirements  of  MIL-F-8785B  concerning  ^nSP,  %SP ,  and  will 
normally  be  sufficient  to  ensure  adequate  maneuvering  characteristics.  In 
certain  situations,  however,  these  requirements  alone  will  not  ensure  against 
pilot-induced  oscillations.  Consider,  for  example,  an  airplane  which  meets 
the  Level  2  requirements  on  “>*SP,  p,  and  for  Category  A  Flight  Phases. 

If  %sp  and  are  near  the  lower  limits,  the  airplane  can  have  PIO 
tendencies  serious  enough  to  make  the  airplane  unacceptable.  Paragraph  3.2. 2. 3.1 
is  designed  to  prevent  this  situation,  by  setting  an  upper  limit  on  the  fre¬ 
quency-response  amplitude  of  (expressed  as  a  lower  limit  on  ). 

Flight-test  techniques  are  discussed  briefly  in  Appendix  IVF. 


5  W 

v  (S) 


This  has  the  effect  of  increasing  the  minimum  rs/-n  requirements  of  3. 2. 2. 2.1  for 
low  values  of  jg  (stick-free) ,  as  can  be  seen  by  examination  of  the  above  sketch. 
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The  dip  in  amplitude  corresponds  to  the  short-period  resonance;  and  the  size 
of  the  dip,  expressed  as  the  ratio  (F3//»)  /  (F«  / )  min  is  a  unique  function 
of  % gP (stick-free)  (assuming  that  the  control-system  natural  frequency  is 
appreciably  higher  than  .  This  functional  relationship  is  shown  in 

Figure  1.  From  this  figure,  it  can  be  seen  that  fyn  must  increase  rapidly 
with  decreasing  values  of  stick-free  ,  in  order  to  maintain  a  given  value 

of  (<V/»)  m/n  • 


It  should  be  understood  that  if  the  control  system  natural  frequency 
is  not  appreciably  higher  than  (stick-free) ,  the  frequency  response 

will  not  be  entirely  second-order  in  the  region  of  C/\s/-^)Pr7rJ7  .  If  the 


control  system  damping  is  not  very  high,  as  is  usually  the  case,  the  resonant 
dip  can  be  accentuated  by  the  control  system  mode,  as  can  be  seen  from  the 
following  sketch: 


In  this  situation,  an  equivalent  (stick-free)  can  be  obtained  from  Figure  1 
by  measurement  of  ('s/nj /(%/■?,)  ■  • 

Very  little  systematic  data  exist  to  support  the  criterion  of  3. 2. 2. 3.1, 
and  the  available  data  are  all  for  center-stick  controllers.  The  bulk  of  the 
systematic  data  was  obtained  from  the  flight  program  of  Reference  D3,  and  is 
presented  in  Figure  2.  Note  that  Jfsp  (stick -fixed)  and  (stick-free)  were 
identical  for  this  program.  Each  configuration  was  rated  by  the  pilot  using 
a  special  PIO  rating  scale,  shown  in  Table  I,  as  well  as  by  a  conventional 
pilot  rating  scale.  Figure  2  presents  only  those  data  having  Level  1  values 
of  co,  ,sp  (Category  A  Flight  Phases).  Only  part  of  the  data  is  shown  for  4^  *0.6 
because  of  the  tremendous  amount  available  in  this  region.  Because  the  pilot's 
opinion  of  the  PIO  tendencies  of  a  given  configuration  is  so  highly  dependent 
on  how  tightly  he  flies  the  airplane,  there  is  considerable  scatter  in  the  data. 
In  spite  of  the  scatter,  however,  certain  conclusions  can  be  drawn.  First, 
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nIih'o  l hr  pi  lot *  were  allowml  tu  aelact  the  control  *y*t«m  gearing  In  this 
program,  it  in  apparent  from  Figure  1  that  the  pilot*  generally  selected 
appreciably  higher  value*  of  V**  at  low  than  at  high  .  Mao, 
line*  of  conatant  ,  obtained  from  figure  1,  aeem  to  serve  fairly 

well  a*  Uo-IMO  rating  line*.  Prom  the  rating  scale  of  Table  I,  It  was 
decided  that  configuration*  having  IMO  ratings  worse  than  2.5  *  3.0  should 
not  ho  allowed.  Prom  figure  2,  this  dividing  point  is  a  line  of  ( /; 
equal  to  3.U  lb/g.  Notice  that  this  vaiue  corresponds  to  the  lowest  ** *’ 
value  of  /f/w  ever  permitted  by  Table  V  of  MIl,-f>B7K5ii,  for  each  bevel 
of  flying  qualities. 

flight  test  data  are  presented  m  Reference  115  for  the  T»38A,  Hie 
pilot*  rated  the  airplane  for  one  flight  condition,  using  a  P10  rating  scale 
similar  to  that  of  table  1,  these  data  are  also  presented  in  figure  2.  The 
original  control  system  was  rated  4,  and  the  modified  system  was  rated  2. 

Notice  that  these  data  fit  in  with  the  T-33  data  very  nicely. 

the  results  of  a  limited  in-flight  investigation  of  bobweight  effects 
(at  constant  /j/»  )  are  contained  in  Reference  J6Q.  Data  from  this  program 
are  presented  in  figure  3,  Although  was  a  bit  high  in  this  experiment, 

the  rating  tronds  are  similar  to  those  of  figure  2.  Using  average  PIO  ratings, 
figure  2  Indicates  thatf^/wj *nt»  is  2.4  lb/g  for  a  PIO  rating  of  2.5,  and 
1.4  lb/g  for  a  PIO  rating  of  3.5.  These  numbers  compare  reasonably  well  with 
the  boundaries  of  figure  2  for  the  same  PIO  ratings. 

Data  from  three  specific  airplanes  were  analyzed,  and  the  results  are 
presented  in  Figure  4,  In  each  caso,  the  airplane  with  the  original  control 
systom  exhibited  strong  PIO  tendencies  in  the  high-speed,  low-altitude  flight 
regime.  A  modified  control  system  was  tried  in  each  airplane,  which  signifi¬ 
cantly  improved  the  situation.  The  majority  of  the  points  in  Figure  4  are 
computed  for  the  A4D-2  (Reference  Hll).  Ihe  T-38A  '’nd  F-4C  data  a^e  from 
flight  test  (References  H5  and  P2,  respectively),  t.  th  the  exception  of  the 
T-38A,  there  are  no  pilot  ratings  or  detailed  pilot  comments  available.  It  is 
only  known  that  the  shaded  points  of  Figure  4  are  associated  with  strong  PIO 
tendencies.  A  line  of  (^  / ■»)  -mtn  •  1.4  lb/g  divides  the  data  very  nicely. 
Comparing  this  value  of  with  Figure  2,  it  would  appear  to  correspond 

to  u  PIO  rating  of  3. 5-4.0.  Table  I  indicates  that  a  PIO  rating  of  4  is  indi¬ 
cative  of  fairly  strong  TIO  tendencies,  which  is  compatible  with  the  very 
qualitative  descriptions  of  the  problems  described  in  References  Hll,  H5,  and 
P2. 

Some  additional  data  on  PIO  tendencies  are  presented  in  Reforence  H2. 
Some  data  for  the  A4D-2  and  T-38A  are  also  included  in  this  report  but  a  more 
complete  treatment  of  these  airplanes  has  already  been  presented  in  Figure  4. 
The  remaining  data  of  Reference  H2  are  presented  in  Figure  5.  The  points  are 
again  rather  crudely  divided  into  those  cases  which  exhibited  PIO  tendencies, 
and  those  which  did  not.  Since  little  is  known  about  the  severity  of  the  PIO 
problems  associated  with  these  airplanes,  Figure  5  is  used  only  to  establish 
trends.  As  can  be  seen  from  the  figure,  a  line  of  constant  ( /*,)  w  fits 
the  data  very  well.  ‘ 
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The  result*  discussed  above  are  for  airplanes  having  center-stick 
controllers,  for  wheel  controllers,  the  ('.%/»>•,*,„  limit  was  doubled  to 
reflect  the  difference  in  the  ',/*  requirements  for  the  two  typos  of 
controllers  (.1.2.2.  2.  1) . 


Table  1  (1.2. 2. 5. 1) 

I’ll)  TENDENCY  RAT  INC  SCALE  Of  REFERENCE  1)3 


OliSCR  I  PTION 


NUMERICAL 

RATING 


NO  TENDENCY  fOR  PILOT  'I'D  INDUCT!  UNDESIRABLE  1 

MOTIONS. 


UNDESIRABLE  MOTIONS  TEND  TO  OCCUR  WllliN  PILOT 
INITIATES  ABRUPT  MANlillVtiRS  OR  ATTEMPTS  TIGHT 
CONTROL.  THESE  MOTIONS  CAN  Bli  PREVENTED  OR 
ELIMINATED  BY  PILOT  TECHNIQUE. 

UNDESIRABLE  MOTIONS  EASILY  INDUCED  WHEN  PILOT 
INITIATES  ABRUPT  MANEUVERS  OR  ATTEMPTS  TIGHT 
CONTROL.  THESE  MOTIONS  CAN  BE  PREVENTED  OR 
ELIMINATED  BUT  ONLY  AT  SACRIFICE  TO  TASK  PERFORMANCE 
OR  THROUGH  CONSIDERABLE  PILOT  ATTENTION  AND 
EFFORT. 


i 


OSCILLATIONS  TEND  TO  DEVELOP  WHEN  PILOT  INITIATES 
ABRUPT  MANEUVERS  OR  ATTEMPTS  TIGHT  CONTROL.  PILOT 
MUST  REDUCE  GAIN  OR  ABANDON  TASK  TO  RECOVER. 


4 


DIVERGENT  OSCILLATIONS  TEND  TO  DEVELOP  WHEN  PILOT 
INITIATES  ABRUPT  MANEUVERS  OR  ATTEMPTS  TIGHT 
CONTROL.  PILOT  MUST  OPEN  LOOP  BY  RELEASING  OR 
FREEZING  THE  STICK. 


DISTURBANCE  OR  NORMAL  PILOT  CONTROL  MAY  CAUSE 
DIVERGENT  OSCILLATION.  PILOT  MUST  OPEN  CONTROL 
LOOP  BY  RELEASING  OR  FREEZING  THE  STICK. 


6 
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PILOT  H 


3.2.3 


LONGITUDINAL  CONTROL 


GENERAL  DISCUSSION 

Tho  requirements  of  the  subparagraphs  under  3.2,3  deal  primarily 
with  two  aspects  of  longitudinal  control.  The  first  is  to  ensure  that  tho 
airplane  has  adequate  control  effectiveness,  and  the  second  is  to  ensure  that 
the  elevator  control  forces  roquired  to  perform  cortain  specific  maneuvers 
are  within  the  pilot's  capability  to  gonerate  such  forcos. 

As  a  minimum,  the  control  effectiveness  must  bo  adequate  to  attain 
any  speed  and  altitude  within  the  permissible  onvelope,  and  to  attain  certain 
load  factors.  The  control  effectiveness  must  also  he  adequate  to  perform 
certain  specific  maneuvers  associated  with  takeoffs,  landings,  dives,  and 
sideslips. 

For  these  same  four  types  of  spocific  maneuvers,  tho  maximum  forces 
required  must  be  within  certain  limits. 

Both  the  control-capability  requirements  and  the  control-force 
limitations  of  MIL-F-8785  were  examined.  In  most  case.,  these  requirements 
and  limitations  were  considered  necessary  and  reasonable,  and  have  been 
incorporated  into  Reference  A1  with  little  change. 


3.2.3. 1  LONGITUDINAL  CONTROL  IN  UNACCBLBRATBD  FLIGHT 
REQUIREMENT 

3.2.3. 1  Longitudinal  control  in  unaccelerated  flight.  In  erect  unaccelerated 
flight  at  all  service  altitudes,  the  attainment  of  all  speeds  between  Vg  and 
V  shall  not  be  limited  by  the  effectiveness  of  the  longitudinal  control, 
oPa$ontrols. 

RELATED  MIL-F-8785  PARAGRAPHS 
3.3.7 

DISCUSS  IC)N 

This  requirement  is  essentially  a  rewording  of  3.3.7  of  MIL-F-8785 
in  the  language  of  the  new  format.  The  need  for  such  a  requirement  seemed 
obvious,  and  the  paragraph  was  therefore  retained. 


3. 2. 3. 2  LONGITUDINAL  CONTROL  IN  MANEUVERING  FLIGHT 


REQUIREMENT 

3. 2. 3. 2  Longitudinal  control  in  maneuvering  flight.  Within  the  Operational 
Flight  Envelope,  it  shall  be  possible  to  develop^  t>y  use  of  the  elevator 
control  alone,  the  following  range  of  load  factors: 

Levels  1  and  2 -  to  <+) 

Level  3 -  n  =  0.5  g  to  the  lower  of: 


a) 


%  W 


{2.0  for  77  o)  £ 
° 

0.5  [>„  (*■)  +  /] 


3g 

for  rro(+)  >  3g. 


This  maneuvering  capability  is  required  at  the  lg  trim  speed  and,  with  trim 
and  throttle  settings  not  changed  by  the  crew,  over  a  range  about  the  trim 
speed  the  lesser  of  115  percent  or  150  knots  equivalent  airspeed  (except 
where  limited  by  the  boundaries  of  the  Operational  Flight  Envelope).  Within 
the  Service  and  Permissible  Flight  Envelopes,  the  dive-recovery  requirements 
of  3.2. 3. 5  and  3. 2. 3. 6,  respectively,  shall  be  met. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.3.8,  3.7.4 

DISCUSSION 

This  paragraph  is  a  rewrite  of  3.3.8  of  MIL-F-8785  in  an  attempt  to 
make  the  requirement  more  reasonable,  or  at  least  more  understandable. 

Paragraph  3.3.8  of  MIL-F-8785  applies  to  all  permissible  speeds,  and 
requires  that  the  airplane  have  enough  elevator  effectiveness  to  develop 
either  77 L  or  the  maximum  operational  load  factor  (a  function  of  speed  and 
altitude),  except  where  limited  by  stall.  This  requirement  has  now  been 
restricted  in  application  to  the  Operational  Flight  Envelopes  of  Reference  Al, 
with  relaxed  requirements  for  infrequent  Failure  States.  Outside  the  Opera¬ 
tional  Flight  Envelope,  whatever  falls  out  of  the  design  is  now  acceptable, 
as  long  as  the  other  control  requirements  are  met. 

The  requirements  for  control  effectiveness  over  a  tl5  percent  range 
about  the  trim  speed  were  added  to  assure  that  excessive  amounts  of  elevator- 
surface-fixed  static  stability  (3. 2. 1.1)  or  instability  will  not  limit  maneuver 
capability  unduly,  for  any  possible  mechanization  of  the  trim  system.  Where 
elevator  control  authority  limits  normal -acceleration  capability,  the  require¬ 
ment  at  off-trim  speeds  often  will  be  the  designing  consideration  for  elevator 
control  effectiveness. 


3. 2. 3. 3  LONGITUDINAL  CONTROL  IN  TAKEOFF 


REQUIREMENT 

3. 2. 3. 3  Longitudinal  control  in  takeoff.  The  effectiveness  of  the  elevator 
control  sFall  not  restrict  the  takeoff  performance  of  the  airplane  and  shall 
be  sufficient  to  prevent  over-rotation  to  undesirable  attitudes  during  take¬ 
offs.  Satisfactory  takeoffs  shall  not  be  dependent  upon  use  of  the  trimmer 
control  during  takeoff  or  on  complicated  control  manipulation  by  the  pilot. 

For  nose-wheel  airplanes  it  shall  be  possible  to  obtain,  at  0.9  Vmin,  the 
pitch  attitude  which  will  result  in  takeoff  at  Vmjn.  For  tail-wheel  airplanes, 
it  shall  be  possible  to  maintain  any  pitch  attitude  up  to  that  for  a  level 
thrust-line  at  0.5  Vg  for  Class  I  airplanes  and  at  Vg  for  Class  II,  III,  and 
IV  airplanes.  These  requirements  shall  be  met  on  hard-surfaced  runways.  In 
the  event  that  an  airplane  has  a  mission  requirement  for  operation  from 
unprepared  fields,  these  requirements  shall  be  met  on  such  fields. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.3.11 

DISCUSSION 

The  control  effectiveness  requirements  of  3.3.11  of  MIL-F-8785  have 
been  retained,  with  a  few  changes. 

As  a  first  step,  all  references  to  takeoff  guarantees  were  deleted 
since  there  were  several  comments  from  industry  and  the  military  which  in¬ 
dicated  that  meeting  the  takeoff  guarantees  does  not  necessarily  guarantee 
enough  elevator  effectiveness  for  safe  takeoffs. 

For  nose-wheel  airplanes,  it  seemed  more  logical  to  specify  the  speeds 
in  terms  of  Vmin  rather  than  Vg,  and  the  term  "takeoff  attitude"  was  clarified 
by  specifying  the  "attitude  which  will  result  in  takeoff  at  Vm^n." 

The  requirement  for  takeoff  from  unprepared  fields  was  changed  on  the 
basis  of  a  rational  analysis.  All  airplanes  will  have  to  operate  from  hard- 
surface  runways,  and  therefore  hard  surfaces  were  used  as  the  basic  require¬ 
ment.  An  increased  coefficient  of  friction  however,  such  as  occurs  with  un¬ 
prepared  fields,  increases  the  elevator  effectiveness  required  for  nose-wheel 
airplanes  but  decreases  the  effectiveness  required  of  tail-wheel  airplanes, 
as  can  be  seen  from  the  following  sketches. 
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Assume  first  that  the  tails  of  both  airplanes  are  adequately  sized  to  achieve 
the  takeoff  attitude  on  a  hard-surfaced  runway  (low^u).  Then  on  a  soft  runway 
(higher^),  the  increased  rolling  friction  force  gives  a  nose-down'pitching 
moment  about  the  airplane  c.g.  which  helps  lift  a  tail  wheel  but  hinders  lift¬ 
ing  a  nose  wheel.  Nose-wheel  lift-off  speed  will  increase  monotonical ly  with 
increasing /t  ,  approaching  the  speed  for  takeoff  in  the  ground  attitude.  But 
tail-wheel  lift-off  speed  will  decrease  with  increasing  /a,  until  just  the  appli¬ 
cation  of  takeoff  thrust  will  rotate  the  airplane  at  zero  speed.  Then  a 
different  control  technique  would  be  required. 
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3. 2.3.3. 1  LONGITUDINAL  CONTROL  IN  CATAPULT  TAKEOFF 
REQUIREMENT 

3. 2. 3. 3.1  Longitudinal  control  in  catapult  takeoff.  On  airplanes  designed 
for  catapult  takeoff,  the  effectiveness  o£  the  elevator  control  shall  be 
sufficient  to  prevent  the  airplane  from  pitching  up  or  down  to  undersirable 
attitudes  in  catapult  takeoffs  at  speeds  ranging  from  the  minimum  safe  launch¬ 
ing  speed  to  a  lai.ching  speed  30  knots  higher  than  the  minimum.  Satisfactory 
catapult  takeoffs  shall  not  depend  upon  complicated  control  manipulation  by 
the  pilot. 

RELATED  MIL-F-8785  PARAGRAPHS 
3.3.12 
DISCUSSION 

This  requirement  is  essentially  the  same  as  3.3.12  of  MIL-F-8785,  with 
an  updated  maximum  launching  speed. 
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3.2.3,  s 


LONGITUDINAL  CONTROL  l-'OHCli  ANh  TKAVI-I.  IN  TAKI.OI  I 


HIJgUlRIsMl'.NT 


3.2. '.3.2  Long! tmljmt I  control  forr«i  and  t vrt vo I  in  takeoff.  With  t ho  tilm 
setting  optional  Tut  f'lxed,  \lu'  eVevrtior-i.onVVol  {ro*fces"~pqul  red  during  ml 
types  of  takeoffs  for  wltloh  the  airplane  Is  designed,  including  short  field 
takeoffs  and  assisted  takeoffs  such  as  catapult  or  rocket. -augmented,  shall 
be  within  the  following  limits: 

Noso-wheol  and  bicycle-gear  airplanes 


Classes  I,  IV-C  -  20  pounds  pull  to  10  pounds  push 

Classes  II-C,  IV-L  -- — --  30  pounds  pull  to  10  pounds  push 

Classes  II-L,  III  — - - 50  pounds  pull  to  20  pounds  push 

Tail-wheel  airplanes 

Classes  I,  II-C,  IV  — ---  20  pound:',  push  to  10  pounds  pull 

Classes  II-L,  III  -  35  pounds  push  to  15  pounds  pull 


The  elevator-control  travel  during  these  takeoffs  shall  not  exceed  75  percent 
of  the  total  travel,  stop-to-stop.  For  purposes  of  this  requirement,  the  term 
takeoff  includes  the  ground  run,  rotation  and  lift-off,  the  onsuing  accelera¬ 
tion  to  (TO),  and  the  transient  caused  by  assist  cessation.  Takeoff  power 

shall  be  maintained  until  Vmax  (TO)  is  reached,  with  the  landing  gear  and  high- 
lift  devices  retracted  in  the  normal  manner  at  speeds  from  V0mjn  (TO)  to 


RELATED  MIL-F-8785  PARAGRAPHS 


3.3.13 


DISCUSSION 

The  essential  elements  of  3.3.13  of  MIL-F-8785  have  been  retained,  but 
the  tests  have  been  reworded  to  cover  the  forces  obtained  in  normal  operation, 
rather  than  in  some  artificial  situation. 


The  test  described  in  3.3.13  of  MIL-F-8785  requires  rotation  at  Vsjo» 
with  the  ensuing  takeoff  occurring  at  a  very  low  speed.  Since  there  is  no 
guarantee  that  such  takeoffs  are  even  critical  in  terms  of  forces,  the  forces 
during  normal  takeoffs  are  not  effectively  limited  in  MIL-F-8785.  For  this 
reason,  the  requirement  was  restated  to  include  all  types  of  takeoffs  used  in 
normal  operation.  This  way  of  stating  things  is  not  as  specific  as  MIL-F-8785, 
but  is  certainly  more  realistic.  It  is  not  intended  to  penalize  an  airplane 
in  the  event  that  a  possible  technique  requires  high  pilot  force  or  large 
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control  travel,  but  another  easily  learned  and  repeatable  technique  can  be 
found  that  involves  satisfactory  control  force  and  travel  at  no  sacrifice  in 
I  performance.  Any  technique  having  all  these  latter  qualities  is  acceptable. 

Another  change  to  make  the  test  more  realistic  was  the  requirement  for 
acceleration  to  Vmax  (TO)  rather  than  1.3  whi.ie  allowing  gear  and  flaps 

to  be  retracted  normally.  As  explained  in  6.2,  V^x  (TO)  is  related 
specifically  to  the  configuration  in  the  takeoff  Flight  Phase,  though  the 
airplane  may  no  longer  be  in  that  configuration  when  Vmax  (TO)  is  reached. 


hi'A'A  WWiilTUDlNAI.  tiONTKOI.  IN  I^ANDINii 
HliQUl  KIIMliNT 

3. 2.3.4  bongltudinal  control  in  Itmdlng,  The  elevator  control  athn 1 1  bo  suffi¬ 
ciently  e^fnctTvo"T»rTI\e*  Yandfng  T^TIgTiT Pham?  in  close  proximity  tu  the  ground, 
that! 


a)  the  geometry-1  muteJ  touclulown  attitude  cun  he  maintained 
in  level  flight,  or 

b)  the  lower  of  Vg  (,b)  or  the  guaranteed  landing  speed  can  bo 
obtained. 

Tniai  requirement  shall  be  mot  with  the  airplane  trimmed  for  the  approach  Plight 
Phase  at  the  recommended  approach  speed.  The  requirements  of  3. 2. 3, 4  and 
3. 2. 3. 4.1  define  bevels  1  and  2.  Por  bevel  3,  it  shall  be  possible  to  execute 
safe  approaches  and  landings  in  the  presence  of  atmospheric,  disturbances. 

RULATiiD  MIb-P-8785  PARAGRAPHS 

3.3.14 

DISCUSSION 

Paragraph  3.3.14  of  MIb-F-8785  has  been  reworded  slightly.  One  change 
is  to  trim  at  the  recommended  approach  spood  rather  than  1.2  Vg  .  ( Vs^  in 

MI b-F-8785  is  equivalent  to  Vg(b)  in  MIh-F-8785B.)  liven  though*4  this  is  not 

as  well-defined  a  speed  us  1.2  Vg^»  the  change  was  considered  necessary 
because  i,2  Vg^  may  bo  quite  unrealistic  as  mi  approach  speod  for  many  air¬ 
planes,  especiaily  STOb's. 

Some  manufacturers  consider  the  requirement  to  fly  near  the  ground  at 
Vg  unnecessarily  strict.  However,  the  requirement  is  necessury  because  of 

tne  imprecise  nature  of  the  landing  flare  maneuver.  It  is  quite  probable  for 
a  pilot,  intentionally  or  unintentionally,  to  hold  the  airplane  off  the  ground 
during  the  landing  flare  until  the  speed  is  well  below  the  normal  landing 
speed.  In  this  event,  it  is  essential  that  the  pilot  have  enough  elevator 
control  to  prevent  the  nose  wheel  from  hitting  the  runway  before  the  main  gear. 
Tnis  same  argument  was  used  to  change  the  references  to  guaranteed  landing  speed. 
Vg(b)  is  defined  in  b.2  as  being  determined  out  of  ground  effect. 

Aji  additional  requirement  seems  to  be  needed  to  assure  that  airplanes 
witn  large  pitching  inertia  will  have  adequate  landing  flare  capability.  A 
neutrally  stable  airplane,  or  one  with  thrust  below  the  c.g.  or  with  pitch-up, 
could  meet  3. 2. 3. 4  and  still  not  have  enough  control.  Some  minimum  pitching 
acceleration  capability  is  needed  in  approaches  at  speeds  down  to  Vm^n. 

However,  there  was  not  enough  information  to  allow  a  definitive  general 
requirement  to  be  written. 


172 


3. 2. 3. 4.1  LONGITUDINAL  CONTROL  FORCES  IN  LANDING 


REQUIREMENT 

3, 2. 3.4.1  Longitudinal  control  forces  in  landing.  The  elevator-control  forces 
required  to' meet  the  requirement  of  i. 2.3.4  shall  be  pull  forces  and  shall  not 
exceed : 

Classes  I,  II-C,  IV  -  35  pounds 

Classes  II-L,  III  -  SO  pounds 

RELATED  MIL-F-878S  PARAGRAPHS 
3.3.15,  3. 7.4.2 
DISCUSSION 

This  requirement  is  essentially  the  same  as  3.3.15  of  MIL-F-8785, 
with  the  appropriate  changes  for  the  new  Class  definitions.  The  force 
levels  still  appear  to  be  appropriate  for  landing. 


'  p 
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3. 2. 3. 5  LONGITUDINAL  CONTROL  FORCES  IN  DIVES  -  SERVICE  FLIGHT  ENVELOPE 


REQUIREMENT 

3. 2. 3. 5  Longitudinal  control  forces  in  dives  -  Service  Flight  Envelope.  With 
the  airplane  trimmed  for  level  flight  at  speeds  throughout  the  Service  Flight 
Envelope,  the  elevator  control  forces  in  dives  to  all  attainable  speeds  within 
the  Service  Flight  Envelope  shall  not  exceed  50  pounds  push  or  10  pounds  pull 
for  airplanes  with  center-stick  controllers,  nor  75  pounds  push  or  15  pounds 
pull  for  airplanes  with  wheel  controllers.  In  similar  dives,  but  with  trim 
optional  following  the  dive  entry,  it  shall  be  possible  with  normal  piloting 
techniques  to  maintain  the  forces  within  the  limits  of  10  pounds  push  or  pull 
for  airplanes  with  center-stick  controllers,  and  20  pounds  push  or  pull  for 
airplanes  with  wheel  controllers.  The  forces  required  for  recovery  from  these 
dives  shall  be  in  accordance  with  the  gradients  specified  in  3. 2. 2. 2.1 
although  speed  may  vary  during  the  pullout. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.3.16,  3. 7. 4.1 
DISCUSSION 

This  requirement  is  essentially  the  same  as  3.3.16  of  MIL-F-8785;  the 
Service  Flight  Envelope  of  Reference  A1  corresponds  roughly  to  the  operational 
envelope  of  MIL-F-8785.  Also,  the  requirement  is  broken  down  more  rationally, 
it  is  felt,  according  to  type  of  controller,  rather  than  class.  The  force 
levels  were  reviewed  and  found  still  appropriate. 

Note  that  there  are  also  lateral-directional  requirements  in  these 
dives  (3.3.8). 


3. 2. 3. 6  LONGITUDINAL  CONTROL  FORCES  IN  DIVES  -  PERMISSIBLE  FLIGHT  ENVELOPE 


REQUIREMENT 

3 , 2 . 3 . 6  Longitudinal  control  forces  in  dives  -  Permissible  Flight  Envelope. 
With  the  airplane  trimmed  for  level  flight  at  but  with  trim  optional  In 
the  dive,  it  shall  be  possible  to  maintain  the  elevator  control  force  within 
the  limits  of  50  pounds  push  or  35  pounds  pull  in  dives  to  all  attainable 
speeds  within  the  Permissible  Flight  Envelope.  The  force  required  for  recovery 
from  these  Jives  shall  not  exceed  120  pounds.  Trim  and  deceleration  devices, 
etc.,  may  be  used  to  assist  in  recovery  if  no  unusual  pilot  technique  is 
required. 

RELATED  MIL-F-8785  PARAGRAPHS 
3.3.16.1,  3.7.4. 1 
DISCUSSION 

This  requirement  is  essentially  the  same  as  3.3.16.1  of  MIL-F-8785. 
Higher,  but  reasonable,  forces  are  allowed  outside  the  Service  Flight 
Envelope,  and  other  means  are  allowed  to  assist  recovery  in  these  extreme 
conditions. 

Note  that  there  are  also  lateral-directional  requirements  in  these 
dives  (3.3.8). 
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3. 2 .3. 7  LONGITUDINAL  CONTROL  IN  SIDESLIPS 
REQUIREMENT 

3. 2.3.7  Longitudinal  control  in  sideslips.  With  the  airplane  trimmed  for 
straight,  level  flight  with  zero  sideslip,  the  elevator-control  force  required 
to  maintain  constant  speed  in  steady  sideslips  with  up  to  50  pounds  of  rudder 
pedal  force  in  either  direction  shall  not  exceed  the  elevator- control  force 
that  would  result  in  a  lg  change  in  normal  acceleration.  In  no  case,  however, 
shall  the  elevator-control  force  exceed: 

Center- stick  controllers  -  10  pounds  pull  to  3  pounds  push 

Wheel  controllers - 15  pounds  pull  to  10  pounds  push 

If  a  variation  of  elevator-control  force  with  sideslip  does  exist,  it  is 
preferred  that  increasing  pull  force  accompany  increasing  sideslip,  and  that 
the  magnitude  and  direction  of  the  force  change  be  similar  for  right  and 
left  sideslips.  These  requirements  define  Levels  1  and  2.  For  Level  3,  there 
shall  be  no  uncontrollable  pitching  motions  associated  with  the  sideslips 
discussed  above. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.3.20 

DISCUSSION 

There  are  two  primary  reasons  for  having  requirements  for  maximum 
longitudinal  forces  in  sideslips.  The  first  is  to  ensure  that  small  amounts 
of  sideslip  inadvertently  developed  during  normal  operations  do  not  result 
in  large  or  possibly  dangerous  angle-of-attack  changes.  This  is  the  purpose 
of  the  requirement  relating  the  maximum  allowable  forces  in  3.3.20  of 
MIL-F-8785  to  maneuvering  control  forces.  The  second  reason  is  simply  to 
limit  the  longitudinal  corrections  required  when  the  pilot  intentionally 
changes  the  sideslip  angle,  as  in  a  crosswind  landing  for  instance.  The 
other  force  limits  of  3.3.20  are  designed  for  this  purpose. 

The  requirements  of  3. 2. 3.7  are  therefore  a  straightforward  rewording 
of  3.3.20  of  MIL-F-8785  in  the  new  format.  The  allowable  elevator  control 
force  is  limited  to  the  lower  of  the  stated  value  or  the  force  (including 
breakout)  required  to  pull  up  at  2g's  at  the  same  flight  condition. 
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3.3  -  LATERAL-DIRECTIONAL  FLYING  QUALITIES 


3.3  • 


LATERAL-DIRECTIONAL  FLYING  QUALITIES 


3,3  LATERAL-DIRECTIONAL  FLYING  QUALITIES 

DISCUSSION 

General 

This  section  was  difficult  to  organize  since,  primarily  because  of 
coupling  between  lateral  and  directional  motions,  each  requirement  has  impli¬ 
cations  in  many  areas  of  flying  qualities.  Conversely,  each  flying  qualities 
area  is  generally  a  function  of  many  different  parameters.  For  example,  the 
rolling  moment  acting  on  an  aircraft  following  an  aileron  input  is  a  function 
of  the  directional  stability,  the  yaw  due-to-aileron,  and  the  dihedr.il  charac¬ 
teristics  of  the  aircraft  in  addition  to  the  aileron  roll  effectiveness  charac¬ 
teristics.  Directional  stability,  however,  also  influences  the  Dutch  roll 
characteristics  and  the  flying  qualities  in  steady  sideslips,  with  asymmetric 
thrust,  and  during  takeoff  and  landing.  Thus,  to  entitle  a  requirement  dealing 
with  only  one  of  the  above  flying  qualities  areas  as  "Directional  stability," 
as  is  done  in  MIL-F-8785,  is  misleading  since  all  these  areas  pertain  to 
directional  stability.  To  compound  the  problem,  the  paragraphs  in  MIL-F-878S 
that  are  entitled  directional  stability  are  based  on  control  inputs  required 
in  steady  sideslips.  Thus,  since  control  inputs  introduce  control  derivatives 
and  coupling  derivatives,  the  paragraphs  also  have  implications  to  areas  other 
than  directional  stability. 

To  best  avoid  this  problem,  headings  such  as  directional  stability 
and  dihedral  effect  have  not  generally  been  used;  instead,  headings  that 
relate  directly  to  the  requirement  or  test  in  question  are  used.  For  example, 
the  MIL-F-8785  paragraphs  entitled  "Static  directional  stability"  are  now 
entitled  "Yawing  moments  in  steady  sideslips."  Similarly,  the  MIL-F-8785 
paragraphs  entitled  "Dihedral  effect"  are  now  entitled  "Rolling  moments  in 
steady  sideslips,"  Since  these  headings  are  a  more  accurate  indication  of 
the  contents  of  the  paragraphs,  it  is  believed  that  use  of  the  specification 
will  be  facilitated. 

In  MIL-F-8785,  there  are  several  aspects  of  dynamic  lateral- 
directional  characteristics  that  are  not  very  well  covered.  These  deficiencies 
have  been  clearly  recognized  and  are  discussed  in  some  detail  in  References 
A4,  A5  and  A15.  For  example,  at  present,  there  is  no  requirement  on  roll 
damping  or  the  coupled  roll-spiral,  even  though  many  experimental  programs 
and  studies,  for  example.  References  F8  and  F12,  have  confirmed  their 
importance  to  flying  qualities.  There  is  also  practically  nothing  concerning 
the  very  complex  coupling  between  yawing  motions  and  rolling  motions  and  the 
response  to  control  inputs  and  turbulence,  although  here  also,  there  is  a  ^ ... 
great  deal  of  literature  that  shows  the  importance  of  these  factors  on  flying 
qualities.  To  help  overcome  these  deficiencies,  requirements  have  been 
formulated  for  roll  damping,  for  the  coupled  roll-spiral  and  for  the  amount 
of  coupling  that  can  exist  between  roll  and  yaw  during  turns  and  turn  entries. 

The  requirements  on  the  roll  and  the  coupled  roll-spiral  modes  were 
integrated  with  existing  requirements  on  the  Dutch  roll  and  spiral  modes  into 
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a  section  entitled  "Lateral-directional  mode  characteristics."  Roll-sideslip 
coupling  involves  more  than  modal  characteristics,  so  the  requirements  on 
response  to  turbulence  and  roll-sideslip  coupling  during  turns  and  turn 
entries  have  been  placed  in  a  separate  section.  This  underlines  the 
importance  to  flying  qualities  of  coupling  phenomena. 

The  equations  of  motion  which  form  the  basis  for  the  discussions 
of  theory,  along  with  some  of  the  more  involved  theoretical  developments, 
are  given  in  Appendices  VA  and  VC. 


Requirements  Pertaining  to  Sideslips 

One  of  the  more  difficult  problems  in  the  lateral-directional  section 
was  how  best  to  specify  the  flying  quality  characteristics  involving  sideslips. 
Sideslips  can  be  either  steady  or  dynamic  and  can  develop  in  many  ways.  They 
can  be  caused  by  control  inputs  and  coupling  effects,  by  thrust  or  aerodynamic 
asymmetries  such  as  engines  out,  asymmetric  store  loadings,  and  uneven  gear 
retraction  or  extension,  or  by  atmospheric  disturbances.  Since  the  implication 
of  sideslip  to  flying  qualities  depends  upon  the  nature  of  the  forcing  function 
and  the  type  of  maneuvers  to  be  performed,  it  was  necessary  to  specify  several 
different  requirements  to  cover  the  most  significant  combinations  of  forcing 
functions  and  required  maneuvers.  This  subject  is  discussed  in  a  general  way 
in  the  following  paragraphs  to  familiarize  the  reader  with  some  of  the  many 
considerations  involved. 

Rudder  pedals  are  used  for  many  different  purposes.  Although  no 
list  of  rudder  pedal  usage  would  be  complete,  some  of  the  more  important  uses 
are  listed  below. 

a.  To  perform  a  crosswind  landing  -  either  employ  a 
steady  rudder-pedal- induced  sideslip  or  else  a  decrab 
maneuver. 

b.  To  augment  roll  rate  anywhere  within  the  flight  envelope. 

c.  To  raise  a  wing  when  the  pilot  is  busy  with  his  hands, 
such  as  when  taking  a  clearance. 

d.  For  tracking,  for  example,  in  air-to-ground  gunnery  in 
a  crosswind  or  when  acquiring  targets. 

e.  For  wing-overs  or  other  tactical  maneuvers  to  obtain 
a  rapid  change  in  heading  or  bank  angle. 

f.  For  close  formation  flying. 

g.  To  lose  altitude  as  in  a  "forward"  sideslip  or  to  improve 
visibility,  for  example,  a  pilot  landing  from  the  rear 
seat  of  a  tandem-seat  airplane. 
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h.  To  counter  yawing  moments  from  propeller  torque,  speed 
or  Mach  number  change,  asymmetric  thrust  or  stores,  etc. 


i.  To  coordinate  turn  entries  or  steady  turns. 

j .  To  taxi 

The  requirements  of  3. 3.4.5,  3.3.6  and  3.3.7  are  directed  at  those  maneuvers, 
described  above,  that  employ  rudder-pedal-induced  sideslips  and  attempt  to 
insure  that  the  airplane  responds  to  specific  control  inputs  in  such  a  manner 
that  the  maneuvers  can  be  readily  performed. 

The  dynamic  effects  of  coupling  between  sideslip  and  roll  following 
an  aileron  input  can  be  manifested  in  different  ways.  Thus,  requirements 
were  directed  both  at  aircraft  with  sufficient  roll-sideslip  coupling  that 
excitation  of  the  Dutch  roll  results  in  roll  control  or  bank  angle  tracking 
problems  (paragraphs  3. 3. 2. 2,  3. 3. 2. 2.1,  3. 3. 2. 3),  and  at  aircraft  with  low 
enough  roll-sideslip  coupling  that  excitation  of  the  Dutch  roll  results 
primarily  in  sideslip  or  heading  control  problems  (paragraphs  3. 3. 2. 4  and 
3. 3. 2. 4.1). 

The  requirements  on  rudder-pedal -induced  sideslips  are  directed 
primarily  at  the  static  characteristics  of  the  aircraft,  whereas  the  roll 
sideslip  coupling  requirements  are  directed  primarily  at  the  dynamic 
controllability  problem.  As  might  be  expected,  different  combinations  of 
stability  derivatives  are  important  for  the  two  cases.  For  example,  for  the 
rudder-pedal -induced  steady  sideslips,  ^  S^s  *  s  * 

are  important,  whereas  for  dynamic  controllability  the  primed  rate  derivatives 
I'a  ,  svj  ,  and  the  bank  angle  side  force  term,  ,  must 

also  be  considered  (the  primed  derivatives  account  for  Z  effects). 

Sideslips  resulting  from  asymmetric  thrust  are  covered  in  the 
paragraphs  under  3.3.9.  Paragraphs  3. 3. 9.1,  3. 3.9.2  and  3. 3. 9. 3  are  directed 
at  ensuring  that  a  pilot,  making  full  use  of  cockpit  controls,  can  safely 
control  an  airplane  when  thrust  is  suddenly  lost  during  takeoff.  These 
requirements  not  only  ensure  that  the  pilot  can  maintain  straight  flight 
without  reducing  thrust  on  the  remaining  engines,  so  that  the  takeoff  may  be 
continued,  but  that  he  can  handle  the  transient  following  thrust  loss  as  well. 
Paragraph  3. 3. 9. 4  is  directed  at  ensuring  a  balance  between  upsetting  moments 
due  to  asymmetric  thrust  and  the  restoring  moment  due  to  directional  stability 
and  rudder  control.  Paragraph  3. 3. 9. 5  considers  two  or  more  engines  out. 


Organization  of  Section  3,3  "Lateral-directional  flying  qualities" 

In  order  to  incorporate  the  new  requirements  into  the  specification 
and  to  overcome  some  of  the  deficiencies  in  MIL-F-8785  previously  discussed, 
a  major  reorganization  of  the  lateral -directional  section  was  required.  In 
this  reorganization  the  paragraphs  were  arranged  as  much  as  possible  so  that 
like  things  are  grouped  together,  and  headings  were  chosen  to  reflect  this 
grouping. 
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The  first  three  three-digit  paragraphs  (3.3.1  "Lateral-directional 
mode  characteristics,"  3.3.2  "Lateral-directional  dynamic  response  charac¬ 
teristics."  and  3.3.3. "Pilot- induced  oscillations")  deal  with  complex  couplod 
lateral-directional  motions  in  which  the  various  motions  cannot  be  treated 
independently.  The  next  two  three-digit  paragraphs  (3.3,4  "Roll  control 
effectiveness,"  and  3.3.5  "Directional  control  characteristics")  deal  with, 
hopefully,  relatively  uncoupled  motions  or  control  considerations  that  can  be 
identified  au  primarily  douling  with  either  roll  or  directional  control  charac¬ 
teristics.  The  i'.n.il  four  three-digit  paragraphs  (3.3.6  "Latoral-diroctional 
characteristics  in  steady  sideslips,"  3.3,7  "Lateral-directional  control  in 
cross  winds, "  3.3,8  "Lateral-directional  control  in  dives,"  and  3.3.9  "Lateral- 
directional  control  with  asymmetric  thrust")  all  deal  with  control  under 
specific  operating  conditions  that  have  implications  to  both  roll  and  direc¬ 
tional  control  characteristics. 

The  term  "roll  control"  is  used  in  lieu  of  "lateral  control"  since 
lateral  motions  arc  literally  motions  along  the  y  axis.  Also,  often  "lateral 
control"  is  used  to  describe  both  rolling  and  yawing  commands.  On  the  other 
hand,  the  meaning  of  directional  control  is  not  ambiguous,  is  accepted  practice, 
and  so  is  used  throughout.  "Roll  control"  means  simply  control  of  roll. 

"Aileron  control"  refers  to  the  cockpit  aileron  control  and  aileron  surface 
of  course  refers  to  whatever  flight  control  surfaces  provide  the  roll  control. 
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3.3.1 
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DISCUSSION 

This  section  combines  new  requirements  on  the  roll  mode  end  the 
coupled  roll-spiral  mode  with  modified  existing  requirements  on  the  Dutch 
roll  end  spiral  modes.  The  requirements  ere  basically  specified  in  terms 
of  such  conventional  modal  parameters  as  roll  mode  time  constant.  Dutch  roll 
naturul  frequency,  Dutch  roll  damping  ratio,  and  time  to  double  amplitude  for 
the  spiral,  in  ordor  to  most  clearly  and  completely  take  into  account  the 
many  complex  phenomena  that  aro  associated  with  the  dynamic  situations. 

The  form  of  the  requirements  is  dictated  by  the  extent  of  our  knowledge  of 
aircraft  motions. 

Although  airplanes  may  exhibit  nonlinear  and  higher-order  motions 
that  make  requirements  based  on  first-  and  second-order  parameters  not  strictly 
applicable,  airplane  motions  can  normally  be  closely  approximated  by  equivalent 
conventional  motions  in  order  to  determine  compliance  with  the  requirements. 
Also,  where  possible,  provisions  have  been  made  within  the  requirements  to 
account  for  nonlinear  and  higher-order  responses. 

Requirements  on  minimum  Dutch  roll  damping  are  specified  to  limit 
the  oscillations  of  the  Dutch  roll  after  it  has  been  excited.  Requirements 
on  minimum  Dutch  roll  frequency  are  specified  to  limit  the  amount  of  sideslip 
generated  by  a  given  yawing  disturbance  and  to  ensure  that  the  aircraft  will 
naturally  tend  to  point  the  way  it  is  going. 

Requirements  on  maximum  roll  mode  time  constant  and  the  coupled  roll- 
spiral  are  directed  at  precision  of  roll  control. 

Requirements  on  the  spiral  are  directed  at  limiting  the  amount  of 
attention  required  by  the  pilot  to  fly  the  aircraft  and  at  restricting  the 
amount  of  aileron  that  must  be  held  during  a  turn. 
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3.3.1. 1  LATERAL-DIRECTIONAL  OSCILLATIONS  (DUTCH  ROLL) 


REQUIREMENT 

3. 3. 1.1  Lateral-directional  oscillations  (Dutch  roll).  The  frequency,  , 
and  damping  ratio,  ,  of  the  lateral-directional  oscillations  following  a 
rudder  disturbance  input  shall  exceed  the  minimums  in  table  VI.  The  require¬ 
ments  shall  be  met  with  cockpit  controls  fixed  and  with  them  free,  in  oscil¬ 
lations  of  any  magnitude  that  might  be  experienced  in  operational  use.  If 
the  oscillation  is  nonlinear  with  amplitude,  the  requirement  shall  apply  to 
each  cycle  of  the  oscillation.  Residual  oscillations  may  be  tolerated  only 
if  the  amplitude  is  sufficiently  small  that  the  motions  are  not  objectionable 
and  do  not  impair  mission  performance.  For  Category  A  Flight  Phases,  angular 
deviations  shall  be  less  than  13  mils.  With  the  control  surfaces  fixed, 
shall  always  be  greater  than  zero. 


\ 


TABLE  VI.  Minimum  Dutch  Roll  Frequency  and  Damping 


Level 

Flight  Phase 
Category 

Class 

Min  ^ 

Min 

rad/secf 

Min 

rad/sec. 

1 

A 

I.  IV 

0.19 

0.35 

1.0 

II,  III 

0.19 

0.35 

0.4** 

B 

All 

0.08 

0.15 

0.4** 

C 

i,  ii-c, 

IV 

0.08 

0.15 

1.0 

II-L,  III 

0.08 

0.15 

0.4** 

2 

All 

All 

0.02 

0.05 

0.4** 

3 

All 

All 

0.02 

- 

0.4** 

The  governing  damping  requirement  is  that  yielding  the  larger  value  of  td. 

Class  III  airplanes  may  be  excepted  from  the  minimum  ^^requirement, 
subject  to  approval  by  the  procuring  activity,  if  the  requirements  of 
3.3.2  through  3.3. 2.4.1,  3.3.5  and  3. 3.9.4  are  met. 

When  |  I  d  is  greater  than  20  (rad/sec)2,  the  minimum  fd 
shall  be  increased  above  the  minimums  listed  above  by: 
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Level 

1  • 

A  t ,  at* , 

**  V 

Level 

2  - 

A  £  “V 

Level 

3  - 

with 

in  rad/sec. 

RliLATffl)  MI!  F-8785  PARAGRAPHS 


.  .009  *<>) 

■  -005  -10) 


3.4.1,  3. 4. 1.1,  3.4. 1.2 

DISCUSSION 

General 


The  MIL-F-8785  requirements  on  ’’Damping  of  the  lateral-directional 
oscillations"  have  been  altered  and  expanded  significantly  in  MIL-F-8785B. 
Whereas  the  requirements  in  MIL-F-8785  were  in  terms  of  //  Ct/  and|//Ve|  , 
the  requirements  in  MIL-F-8785B  are  in  terms  of  £  ,  ,  «-^and 

Frequency,  as  indicated  in  References  A4  and  A15  and  as  will  be  shown  in  the 
following  paragraphs,  is  a  significant  lateral -directional  flying  qualities 
parameter.  The  requirement  which  specifies  Dutch  roll  damping  as  a  function 
of  the  parameter  |*|  was  deleted  since,  at  best,  it  offered  an  inadequate 
solution  to  a  complex  situation. 

As  with  longitudinal  short-period  characteristics,  the  amplitudes  at 
which  these  requirements  apply  are  indicated  only  qualitatively  here  and  in 
3. 5. 4. 2.  See  the  discussion  of  3. 2. 2.1. 

The  numerical  requirements  given  in  Table  VI  can  be  considered  as 
basic  requirements.  Additional, direct  requirements  on  as  a  function 

of  the  coupling  parameter  |;y  are  also  specified  in  3. 3.1.1,  and 
additional  indirect  requirements  on  Dutch  roll  frequency  and  damping  ratio 
as  functions  of  various  disturbance  parameters  are  contained  elsewhere  through¬ 
out  the  lateral-directional  section.  For  example,  requirements  that  are 
directed  at  coupling  and  interaction  effects,  such  as  roll-sideslip  coupling 
(paragraphs  3. 3. 2. 2  through  3. 3. 2. 6),  have  strong  implications  to  lateral - 
directional  oscillatory  characteristics. 

The  two  primary  references  used  in  evaluating  the  merits  of  |-£rj 
were  References  F9  and  F51.  Reference  F9  discusses  the  parameter  in  detail 
and  points  to  many  cases  where  misplaced  faith  has  been  placed  in  |-^|  . 

Reference  F51  was  examined  since  it  was  a  pioneering  effort  in  this  area  and 
made  tentative  recommendations  for  Dutch  roll  damping  in  the  form  of  f/ C,/z 
and  jygj  parameters  (Figures  1  through  4).  The  data  show  that,  although  the 
trends  can  be  explained  in  terms  of  and  \4%\  »  there  are  other  effects 


183 


the  pilot  ratings.  Even  with  extreme  j -^j  ,  the  response  to  roll  cdmiriands 

would  not  be  oscillatory  unless  something  like  adverse  yaw  or  a  side  gust 
is  present  to  excite  the  Dutch  roll.  In  particular,  the  configurations  with 
large  |^|  exhibited  roll  rate  reversals.  It  is  reasonable  to  assume  that  the 
pilot  ratings  were  significantly  affected,  thus  making  the  resultant  require¬ 
ments  strictly  applicable  only  to  airplanes  with  excessive  adverse  yaw. 


ments  and  to  investigate  or | •jg-j  type  effects,  applicable  data  for  which 
roll  control  coupling  effects  were  small  were  plotted  as  a  function  of  fre¬ 
quency  and  damping  ratio.  The  data  are  presented  in  Figures  5  through  11 
with  curves  of  and  from  the  requirements  of  3. 3. 1.1  superimposed. 

Reference  G7  and  F21  Figure  5 

Reference  F55  Figure  6 

Reference  B44  Figure  7 

References  F5,  F7  and  F22  Figure  8 

Reference  F76  Figure  9 

Reference  F75  Figure  10 

Reference  A4  Figure  11 

(Data  on  existing  airplanes) 


Requirements  on  iy 

From  examination  of  the  data,  it  was  apparent  that  over  a  wide  range 
of  frequencies  and  ^  response  ratios,  lines  of  constant  damping  ratio  fit 
the  data  quite  well.  Moreover,  the  values  of  */ C  t/z  in  MIL-F-8785  for  normal 
operation  (equivalent  2^*  .078)  and  operation  with  an  artificial  stabilization 
device  inoperative  (equivalent  £^*.022)  tie  in  well  with  pilot  rating 
boundaries  of  satisfactory  (Level  1)  and  acceptable  (Level  2)  for  B  and  C 
Category  Flight  Phases.  Although  correlation  is  far  from  perfect,  there  are 
insufficient  data  upon  which  to  substantiate  a  change  from  existing  require¬ 
ments  for  frequencies  above  2  radians/second. 

For  Flight  Phase  Category  A,  Level  1,  the  */ c  ,/z  value  in  MIL-F-8785 
for  armed  aircraft  (equivalent  ^*.19)  has  been  applied.  This  value  was 
retained,  even  though  data  from  Reference  FI  (discussed  in  paragraph  3. 3. 2. 2) 
show  that  a  damping  ratio  of  =  0.1  can  provide  satisfactory  handling 
qualities  for  Flight  Phase  Category  A,  Level  1.  The  reasoning  behind  this  is 
that  Reference  F44  (Figures  12  through  15)  shows  that  tracking  errors  in 
turbulence  decrease  as  damping  ratio  increases,  and  at  this  time  there  is  no 
direct  quantitative  requirement  on  the  response  to  turbulence.  It  is  antici¬ 
pated  that  when  such  a  requirement  can  be  specified,  the  required  0.19 

could  be  relaxed  to  ^  =  0.1,  if  both  the  roll-sideslip  coupling  requirements 
and  the  turbulence  requirements  are  met. 


184 


Requirements  on  ^  ulnd 

From  the  literature  survey  and  from  discussion  with  aircraft  manufac¬ 
turers,  it  became  apparent  that  even  for  "basic"  lateral-directional  oscil¬ 
latory  requirements,  there  were  differing  views  on  the  relative  merits  of  the 
parameters  ^  and  ^  .  The  former  is  equivalent  to  cycles  to  damp,  while 

^  is  equivalent  to  time  to  damp.  As  was  mentioned  previously,  examination 
of  the  raw  data  from  several  reports  indicates  that  the  existing  requirements 
in  MIL-F-8785,  which  are  a  direct  function  of  ,  fit  the  data  well  over 
quite  a  wide  range  of  frequencies  and  \%-\j  response  ratios.  On  the  other 
hand,  there  is  considerable  opinion  in  the  literature  that  under  certain 
conditions,  the  pilot  ratings  correlate  better  with  than  with  . 

Some  examples  are  given  in  the  following  paragraphs. 

Reference  G7  reports  on  an  in-flight  landing  approach  study  using 
a  variable  stability  F-86E.  The  data  are  presented  on  a  ^'“Hrvplot  in 
Figure  5  and  in  terms  of  various  other  parameters  in  Figures  16  through  21. 

No  firm  conclusions  can  be  drawn,  however,  since  detailed  pilot  comments  are 
not  given  which  would  permit  identification  of  problems. 

Reference  F75  considered  data  of  Reference  F55.  From  these  data 
(Figure  22)  it  was  found  that  best  correlation  of  the  pilot  ratings  was 
obtained  with  the  parameter  VC//*  for  Dutch  roll  natural  frequencies 
greater  than  2.4  rad/sec,  and  with  the  parameter  W //z  for  Dutch  roll  fre¬ 
quencies  less  than  2.4  rad/sec.  It  should  be  noted,  however,  that  at  low 
frequencies  the  aircraft  used  in  the  Reference  F55  program  did  not  meet  the 
military  requirements  on  roll  rate  reversals  and  sideslip  generated  during 
uncoordinated  roll:,.  This  coupling  influenced  the  low-frequency  ratings 
sufficiently  that  the  data  cannot  be  used  to  determine  basic  lateral- 
directional  oscillatory  requirements. 

Reference  F9,  using  the  data  of  References  G7,  F21,  F22,  F77  and  F7, 
concluded  that  the  "basic  damping  requirement  appears  to  be  best  specified 
in  terms  of  total  damping  £  ‘*>*4  rather  than  damping  ratio,  ^  ."  Although 
the  data  do  correlate  reasonably  well  with  the  parameter  ,  examination 

of  the  raw  data  from  the  referenced  reports  (presented  in  Figures  5,  8  and  9) 
indicates  no  clear  superiority  over  the  parameter  ,  particularly  for 
moderate  and  high  frequencies.  Moreover,  since  there  are  practically  no  data 
in  the  low-frequency  region  (^"^  1  rad/sec),  the  question  of  whether  £  or 
td^aL  t*ie  better  is  difficult  to  answer  on  the  basis  of  available  data. 
Since,  however,  ^  is  generally  accepted  in  the  literature,  minimum 
requirements  were  specified.  This  is  consistent  with  the  approach  taken  by 
Reference  A14  (Figure  23)  in  specification  of  criteria  for  low  frequencies. 


Requirements  ox\ 

In  determining  the  minimum  frequency  boundaries,  it  was  found  that 
the  more  closely  the  low-frequency  data  were  examined,  the  more  difficult  it 
became  to  assess  the  importance  of  low  Dutch-roll  frequency  per  se.  For 
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example,  the  data  from  Reference  Gil  (Figure  24)  were  examined,  but  were 
considered  inconclusive  because  of  the  degree  of  coupling  present.  The  low- 
frequency  point  at  L-ft  =  -16  had  considerable  roll  rate  oscillation  following 
a  step  aileron  input,  and  the  low-frequency  point  at^  “  0  had  considerable 
sideslip  excitation  following  a  step  aileron  input.  This  coupling  would  be 
expected  to  cause  a  significant  degradation  in  pilot  rating.  Degradation  of 
pilot  rating  could  also  have  been  caused  by  the  zero  dihedral  in  the  latter 
case. 


The  low-frequency  data  of  Reference  F22  were  also  examined,  but  again 
poor  pilot  ratings  were  explainable  through  Dutch-roll  excitation.  For  the 
=  1  cases,  when  Dutch-roll  excitation  following  step  aileron  inputs  was 
small  and  damping  was  high,  the  pilot  ratings  were  good.  For  the  «J^‘l  cases, 
the  ratings  were  all  poor  but  are  explainable  by  the  amount  of  sideslip 
generated  by  aileron  inputs. 

In  spite  of  these  findings,  since  flying  qualities  can  degrade  in  so 
many  ways  when  directional  stiffness  becomes  low,  there  was  a  strong  convic¬ 
tion  that  a  minimum  frequency  should  be  specified.  For  example,  the  amount 
of  sideslip  caused  b)f  yawing  moments  (say  yaw  due-to-aileron) ,  is  directly 
proportional  to  .  From  Figure  25  it  can  be  seen  that  for  1, 

l/bJn  ^  increases  very  rapidly. 

Since  little  experimental  data  could  be  found  to  determine  minimum 
values  of  %  these  requirements  were  selected  on  the  basis  of  character¬ 

istics  of  existing  airplanes.  From  Figure  11  it  can  be  seen  that  all  current 
large  aircraft  for  which  data  are  presented  have  a  minimum  about  or  above 
0.4  rad/sec,  while  all  current  small  aircraft  for  which  data  are  presented 
have  a  minimum  above  or  about  1.0  rad/sec. 

On  this  basis,  a  minimum  basic  requirement  of  ,  =  0.4  rad/sec  has 
been  specified.  A  more  stringent  requirement  of  .  =  1  rad/sec  has  been 
placed  on  Class  I  and  IV  airplanes  in  Flight  Phase  Categories  A  and  C  since, 
when  performing  tasks  such  as  weapons  delivery  or  landing,  it  is  clearly 
important  that  the  aircraft  be  pointed  the  way  it  is  going  unless  the  pilot 
intentionally  sideslips.  Since  the  UJ*<£  =  0.4  rad/sec  requirement  could  be 
unduly  restrictive  for  large  airplanes,  Class  III  airplanes  have  been  excepted 
from  this  requirement,  subject  to  specific  approval,  if  they  meet  several 
other  requirements  which  would  tend  to  become  critical  at  low  directional 
stiffness , 

Since  the  data  of  Reference  F44  (Figures  12  through  15)  and  Reference 
Gil  (Figure  24)  indicate  a  degradation  in  performance  and  pilot  rating  at 
high  frequencies  in  the  presence  of  turbulence,  an  indirect  requirement  on 
maximum  ^>y.has  been  specified  through  the  parameter  \^//6\^.  In  addition, 

a  qualitative  requirement,  which  addresses  the  problem  more  comprehensively, 
has  been  specified  in  3. 3. 2.1,  Lateral-directional  response  to  atmospheric 
disturbances. 

The  requirement  that  0  with  control  surfaces  fixed  prescribes  a 
short-term  restoring  tendency  in  yaw  for  the  basic,  unaugmented  airframe, 
analogous  to  the  control-surface-fixed  maneuvering  stability  requirement 
of  3. 2. 2. 2. 
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z  4 

Effect  of  A  J. 


The  criterion  proposed  by  Reference  F9,  in  which  the  value  of 

required  to  maintain  a  given  pilot  rating  is  made  a  function  of  ,  IgM 

|  ^ 

(Figure  26),  has  also  been  incorporated  into  the  lateral-directional  oscil¬ 
latory  requirements  of  Reference  Al.  It  can  be  seen  that 
analogous  to  \  ^/yf\ ^  .  The  data  upon  which  the  curve  of  Figure  26  is  based 
are  from  Reference  F76  and  are  presented  in  Figure  9.  The  primary  limita¬ 
tions  of  these  data  are  that  few  frequencies  below  2  rad/sec  and  few  damping 
ratios  greater  than  0.2  were  examined,  and  that  the  pilot  ratings  were 
obtained  from  observation  of  the  control-free  response  of  the  airplane 
following  a  rudder  kick.  In  spite  of  these  limitations,  the  curve  of  Figure 
26  does  fit  the  high  l^rfl^data  of  References  G7,  F22  and  F7  which  are 

included  in  Figures  5  and  8.  The  parameter  I <J/a\  is  explained  in  detail  in 
Appendix  VC. 


The  specific  requirement  of  3. 3. 1.1  that  deals  with  u> ^  X7>\t  *s 

the  form  A  ^  -  C  \  .  The  values  of  C  are  taken  directly  from 

Figure  26  and  correspond  to  the  A  ^d^n^  that  are  required  to  maintain  the 
various  levels  of  acceptability.  For  the  pilot  rating  used.  Level  1  corre¬ 
sponds  to  a  PR  =  3.5,  Level  2  corresponds  to  a  PR** 5,  and  Level  3  corresponds 
to  a  PR*  7,  The  number  20  comes  from  analysis  of  the  data,  which  reveals 
that  adverse  effects  associated  with  large  values  of  I  -  such  as  high 

roll  acceleration  to  side  gusts  -  are  not  generally  significant  for  values 

For  airplanes  with  large  values  of  the  parameters  or^„^  ,  ^ 
response  to  atmospheric  disturbances  or  to  sideslip  from  any  source  becomes 
of  major  significance,  and  is  influenced  by  many  parameters  other  than  Dutch 
roll  damping.  However,  since  Dutch  roll  damping  is  one  of  the  significant 
parameters  affecting  controllability  in  atmospheric  disturbances,  and  since 
heavy  Dutch  roll  damping  can  often  mask  the  effect  of  certain  undesirable 
characteristics,  it  is  believed  that  a  type  requirement  is  needed. 

Moreover,  until  the  significance  of,  and  interaction  between,  all  significant 
variables  is  more  fully  understood  and  quantified,  reliance  will  probably 
continue  to  be  placed  on  heavy  Dutch  roll  damping  to  improve  flying  qualities 
in  the  presence  of  turbulence. 


1*1. 


Significance  of  4  p/fi 

Although  the  relative  phasing  of  the  Dutch  roll  in  the  f  and 
responses,  ,  has  been  used  in  the  roll-sideslip  coupling  requirements 

as  a  measure  of  type  of  dihedral  effect,  no  requirements  have  been  placed  on 
4  f//S  .  In  reviewing  the  literature  it  was  found  that,  although  several 
researchers  noted  that  the  phasing  of  the  Dutch  roll  may  in  some  way  have 
affected  their  results,  no  systematic  study  of  the  parameter  was  found. 
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Reference  H8  discussed  the  parameter,  but  in  connection  with  determining 
which  "combinations  of  roll  angle,  sideslip  angle,  and  sideslip  resultant 
from  an  aileron  deflection  were  prone  to  PIO's  and  ...  which  were  not." 

This  material  is  discussed  in  connection  with  the  roll  rate  oscillation 
requirements,  3. 3. 2.2  and  its  subparagraphs. 

Reference  F76  also  discussed  the  parameter  in  connection  with  an 
investigation  of  Dutch  roll  dynamics  and  found  that: 

"About  the  only  conclusion  that  could  be  drawn  from  these 
calculations,  and  of  supplementary  calculations  in  which 
various  components  of  the  actual  oscillations  were  arbitrarily 
varied,  was  that  phase  angle  has  a  strong  influence  on 
lateral  acceleration/yaw  angle,  increasing  it  as  much  as  four 
or  five  times  as  phasing  of  the  Dutch  roll  goes  from  0°  to 
180°.  It  may  be  that  in  addition  to  unnatural-feeling  motions 
at  90°  and  180°,  the  acceleration  increase  plays  a  part,  but 
there  are  too  few  data  to  draw  any  conclusion." 

This  aspect  of  the  data  of  Reference  F76  (the  significance  of  lateral  accel¬ 
eration)  is  discussed  in  the  write-up  on  the  sideslip  limitation  requirement. 

A  number  of  people  recommend,  as  a  design  requirement,  ‘  o.  It  was 
felt  that  this  is  desirable,  but  not  sufficiently  substantiated  to  incorporate 
in  Reference  Al.  Also  it  is  not  in  the  form  of  a  performance  requirement. 


Concluding  Comments 

It  is  obvious  that  a  great  deal  more  data  are  needed  to  rigorously 
define  the  areas  discussed.  Until  such  data  become  available,  it  is  believed 
that  the  lateral-directional  oscillatory  requirements,  and  other  requirements 
of  Reference  Al  that  have  implications  on  lateral -directional  oscillatory 
characteristics,  will  adequately  address  the  problems  associated  with  low 
directional  stiffness. 

Comparison  of  these  requirements  with  the  requirements  proposed  by 
Reference  A14  in  Figure  23  indicates  that,  although  the  available  data  were 
treated  in  a  somewhat  different  manner  in  the  two  studies,  the  resulting 
proposed  requirements  are  very  similar  in  many  respects. 

The  Level  3  boundaries  are  more  stringent  than  indicated  by  the 
presented  data,  but  since  in  Level  3  operation  the  airplane  may  have  several 
serious  flying  qualities  deficiencies,  the  airplane  should  be  dynamically 
stable  and  have  some  minimum  directional  stiffness. 
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DUTCH  ROLL  DATA  (FROM  REFERENCES  G7  AND  F21 ) 
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DUTCH  ROLL  DATA  (FROM  REFERENCE  F55l 


DUTCH  ROLL  DATA  (FROM  REFERENCE  B44) 


PR*£  3.5 


DUTCH  ROLL  DATA  (FROM  REFERENCES  F5,  F7  AND  F22) 


DUTCH  ROLL  DATA  (FROM  REFERENCE  F76) 


SATISFACTORY 


Figure  10  (3.3. 1 . 1 ) 

DUTCH  ROLL  DATA  (FROM  REFERENCE  F75) 


airplanes  (from  reference 


Standard  deviation  of  tracking  error,  mils  Standard  deviation  of  tracking  error,  mils 


U  / 

Period,  P,  sec  1/ C,/t ,  per  cycle  fvj '  deg/ ft  per  sec 

Figure  12  (3.3. 1 . 1 ) 

PILOT  A 


I A  /  NACA 

Period,  P,  sec  l/C,. ,  per  cycle  — ,  deg/ft  per  sec 

/*#/ 

Figure  13  (3. 3. 1.1) 

PILOT  B 


VARIATION  OF  STANDARD  DEVIATION  OF  TRACKING  ERROR  WITH 
LATERAL  OSCILLATORY  CHARACTERISTICS  IN  STEADY-STRAIGHT  AND 
STEADY -TURNING  FLIGHT.  SMOOTH  AIR.  (FROM  REFERENCE  FW) 
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Average  of  at/  configurations 
in  smooth  air 


(COOPER  RATING  SCALE) 

Open  symbols  Rpo  ^  3.5  Flagged  symbols:  would  not 

Half-filled  symbols.  35<RP  $6.5  attempt  landing 


LATERAL  OSCILLATORY  CHARACTERISTICS  AND  OVER-ALL  PILOT  RATINGS  OF 
THE  CONFIGURATIONS  FLOWN.  (FROM  REFERENCE  G7) 


MODIFIED  LINEAR  LEAST-SQUARES  FITS  OF  VARIATIONS 
OF  PILOT  RATING  WITH  DAMPING  IN  THE  FOUR  DATA 
GROUPS;  DAMPING  EXPRESSED  AS  1/Cw2.  (FROM 
REFERENCE  G7)  ' 


64  202468  10  12  864202468  10  12 


Figure  18  (3.3.1, I) 

MODIFIED  LINEAR  LEAST  SQUARES  FITS  OF 
VARIATIONS  OF  PILOT  RATING  WITH  DAMPING  IN 
THE  FOUR  DATA  GROUPS;  DAMPING  EXPRESSED  AS 
l/T|/2.  (FROM  REFERENCE  G7) 
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required  to  maintain  a  given  basic 

RATING  (FROM  REFERENCE  F9) 


3.3. 1.2  ROLL  MODE 


REQUIREMENT 

3. 3. 1.2  Roll  mode.  The  roll-mode  time  constant,  ,  shall  be  no  greater 
than  the  appropriate  value  in  table  VII. 


TABLE  VII.  Maximum  Roll-Mode  Time  Constant 


Flight  Phase 

Level 

Category 

Class 

1 

2 

3 

A 

I,  IV 

1.0 

m 

II,  III 

1.4 

3.0 

B 

All 

1.4 

3.0 

10 

I,  II-C,  IV 

1.0 

m 

C 

II-L,  III 

1.4 

3.0 

RELATED  MIL-F-8785  PARAGRAPHS 

3.4.16.2 
DISCUSSION 
General 


This  requirement,  which  is  directed  at  precision  of  control,  fills  a 
void  in  MIL-F-8785  since  at  present  there  is  no  direct  reference  to  roll 
damping  or  the  "shape"  of  the  initial  roll  rate  response.  In  the  lateral 
control  section  of  MIL-F-8785,  paragraph  3.4.16.2,  a  requirement  on  roll 
acceleration  is  stated  in  terms  of  time  to  reach  peak  rate  of  roll;  however, 
even  this  indirect  requirement  is  only  applied  to  Class  I I - L  airplanes  of 
MIL-F-8785. 

There  are  considerable  data  to  show  that  pilot  rating  is  a  function 
of  roll  damping,  for  example  Figure  1  (from  Reference  F8) .  Roll  damping  is 
generally  expressed  in  terms  of  the  first-order  roll  mode  time  constant,  2^, 
of  the  roll  rate  response  following  a  step  rolling  moment  input.  Therefore, 
a  direct  requirement  on  has  been  specified.  This  is  consistent  with  the 
approach  taken  by  Reference  A14,  which  also  proposed  direct  requirements  on 

**  • 


The  roll  damping  interacts  with  many  other  parameters,  such  as  roll 
performance,  roll  sensitivity,  Dutch  roll  characteristics  and  control  system 
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dynamics;  so  to  determine  the  shape  of  the  roll  rate  response  and  hence  the 
flying  qualities,  interaction  effects  must  also  be  considered.  For  example, 
although  curves  of  constant  level  of  flying  qualities  are  often  presented  on 
plots  of  some  measure  of  roll  performance,  such  as  ^w<w.vs.  ^  ,  it  is 
usually  possible,  by  careful  selection  of  the  roll  performance  parameter,  to 
isolate  the  effects  of  roll  performance  and  roll  damping  on  flying  qualities. 

In  this  way,  the  individual  effects  can  be  identified  and  treated  independently. 
Where  interaction  cannot  be  so  isolated,  as  for  example  the  coupling  of  the 
Dutch  roll  through  aileron  yaw,  requirements  covering  known  interaction  effects 
are  explicitly  stated. 

The  Reference  A1  criteria  go  a  long  way  toward  ensuring  proper 
rolling  response.  But  still  they  are  based  on  a  first-order  roll-rate 
response,  and  so  do  not  adequately  cover  all  the  many  coupling  and  interaction 
effects.  A  great  deal  more  work  is  required  in  this  area. 

For  a  step  aileron  input,  ideally  a  roll  damper  will  not  affect  initial 
rolling  acceleration;  but  it  will  cause  the  steady  roll  rate  to  be  reached 
sooner.  As  a  result,  the  roll  damper  may  reduce  roll  performance  in  the 
specified  terms  (3.3.4)  of  bank  angle  in  a  given  time.  One  solution  that 
avoids  increasing  roll  control  power  is  to  wash  out  the  roll  damper  as  a 
function  of  roll  control  position.  This  has  proven  satisfactory  on  at  least 
one  current  fighter  airplane,  but  we  cannot  attest  to  its  general  suitability. 

The  numerical  criteria,  given  in  Table  VII  of  Reference  A1  for  the 
three  levels  of  flying  qualities,  came  from  consideration  of  data  from 
References  A14,  F8,  G10,  FI,  B96,  F30,  B48,  F22,  B39,  F5,  F12  and  from  dis¬ 
cussions  with  aircraft  manufacturers.  Some  measurement  techniques  for 
obtaining  are  given  in  Appendix  VB. 


Level  1  Requirements 

The  starting  point  for  specification  of  the  criteria  was  the  recom¬ 
mendation  pertaining  to  roll  mode  time  constant  given  in  References  A14  and 
F8.  Both  references  report  on  extensive  surveys  of  roll  flying  qualities 
and  so  were  directly  applicable  to  this  effort.  Reference  A14  proposes  a 
maximum  =  1.3  seconds  for  Class  IV  airplanes  and  -  1.5  seconds  for  all 
other  classes  (Figure  2).  From  theoretical  considerations  and  from  data 
analysis.  Reference  F8  concluded  that,  "The  maximum  value  of  ^  considered 
satisfactory  is  about  1.3  to  1.5;  and  there  is  no  strong  evidence  in  existing 
data  or  theory  for  allowing  this  value  to  increase  with  airplane  size  or 
mission."  While  there  is  still  no  strong  evidence  to  indicate  that  the 
requirements  can  be  relaxed,  several  recent  reports  on  in-flight  evaluations 
(References  G10,  FI,  and  B96)  and  discussions  with  aircraft  manufacturers 
indicate  that  for  Class  I  and  IV  airplanes  performing  precision  tasks,  even 
lower  values  of  are  required  to  obtain  satisfactory  flying  qualities. 

Reference  G10  (Figures  3,  4  and  5)  shows  that  maximum  satisfactory  T# 
for  fighter  aircraft  for  a  carrier  approach  is  approximately  1  second. 
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Reference  FI  (Figure  6)  shows  that  with  a  2^  =  1.3  seconds,  the  best  pilot 
rating  obtained  was  5  and  in  conclusion  stated,  "Because  of  the  roll  control 
difficulties  the  pilot  experienced  with  the  long  roll  mode  time  constant 
configuration,  it  was  concluded  that  a  roll  mode  time  constant  of  1.3  seconds 
or  greater  is  unsatisfactory  for  a  fighter  mission."  Reference  B96  indicates, 
from  consideration  of  time  required  to  reach  maximum  roll  rate,  that  Class  I 
and  small  Class  II  aircraft  require  reasonably  short  roll  mode  time  constants 
as  well. 

The  data  of  Reference  F30  (Figures  7  through  11)  have  been  widely 
referenced  and  interpreted,  as  for  example  in  References  A14  and  F8.  It 
should  be  noted,  however,  that  the  in-flight  evaluations  in  Reference  F30 
were  all  for  2^  less  than  0.8  seconds  (Figure  10)  and  any  conclusions  about 
roll  mode  time  constants  longer  than  0.8  seconds  would  be  based  on  the  ground 
simulation  data  only.  In  general,  the  in-flight  ratings  of  Reference  F30  were 
worse  than  for  the  single-degree-of-freedom  ground  simulation  ratings  (Figure 
11).  This  indicates  that  the  presented  one-degree-of-freedom  data  (Figure  9) 
may  be  a  little  optimistic.  Finally,  one  prominent  manufacturer  of  fighter 
aircraft  stated  that  fighter  aircraft  should  have  a  ? R  =  0.6  to  0.8  seconds. 

Since,  in  general,  a  knee  occurs  in  most  of  the  data  at  approximately 
=  1  second  (Figure  1),  and  since  =  1  second  is  at  least  consistent 
with  all  pertinent  data,  this  value  of  has  been  selected  for  Class  I, 

II-C,  and  IV  airplanes  for  Flight  Phase  Category  C,  and  for  Class  I  and  IV 
airplanes  for  Flight  Phase  Category  A. 

For  Class  I  and  IV  airplanes  performing  Flight  Phase  Category  B  tasks, 
and  for  Class  II-L  and  III  airplanes  performing  all  tasks,  available  data 
support  a  maximum  value  of  =  1.3  to  1.5  seconds;  an  average  value  of 
2^  -  1.4  seconds  was  selected.  Ground  simulator  data  in  Reference  B48  tend 
to  support  this  value  for  large  aircraft  (cross-hatched  curves  in  Figure  1) , 
and  in-flight  data  in  Reference  F22  support  this  value  for  small  Class  II 
airplanes,  Flight  Phase  Category  B  (Figure  12). 

No  data  were  found  to  support  two  different  values  of  as  a  function 
of  Flight  Phase  Category  for  Class  II  and  III  airplanes,  as  was  found  for 
Class  I  and  IV  airplanes.  Reference  B39  (Figures  13  and  14)  suggests  a 
maximum  satisfactory  value  of  *  2.3  seconds  for  large  aircraft  in  the 
landing  approach.  However,  careful  examination  of  the  rating  terminology 
definitions  indicates  that  this  value  of  2^  is  probably  more  applicable  to 
the  Level  2  than  the  Level  1  requirements.  Reference  F5  shows  (Figure  15) 
that  for  the  reentry  task,  certain  configurations  received  satisfactory 
ratings  with  a  roll  mode  time  constant, as  long  as  5  seconds.  Although  the  re¬ 
entry  task  has  many  elements  of  Flight  Phase  Category  B  tasks,  the  duration 
differs,  making  the  Reference  F5  results  not  directly  applicable.  These  data 
do  show,  however,  that  under  some  circumstances  a  satisfactory  rating  can  be 
achieved  with  a  long  roll  mode  time  constant. 

An  additional  consideration  that  is  demonstrated  by  much  of  the  data, 
for  example  References  F12  and  G10,  is  that  the  required  is,  to  a  degree, 
determined  by  the  value  of  orjfygj  .  The  in-flight  data  of  Reference  G10 
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(Figures  4  and  5)  show  this  dependence  directly.  In  the  opinion  of  the 
author  of  Reference  F12,  the  main  reason  for  the  differences  between  the 
Reference  F12  and  the  data  to  which  it  is  compared  (see  Figure  16),  is  that 
the  Reference  F12  ground  simulator  data  were  based  on  a  much  larger  value 
of  response  ratio.  The  pilot  ratings  of  both  the  Reference  F12  and 

G10  data  are  degraded  because  of  the  response  to  atmospheric  disturbances. 
This  phenomenon  is  discussed  in  the  substantiation  for  the  paragraph  covering 
the  response  to  atmospheric  disturbances. 


Level  2  Requirements 


References  A14  and  F8  do  not  make  recommendations  that  pertain  to 
Level  2  criteria  as  they  did  for  Level  1.  However,  using  available  pilot 
rating  data,  it  is  possible  to  select  values  of  2^  which  are  consistent 
with  available  data. 

Examination  of  Figure  1  (from  Reference  F8),  which  summarizes  data 
from  References  F30  and  B48,  shows  that  for  a  change  in  pilot  rating  from 
3  1/2  to  5  -  5.1/2,  goes  from  approximately  1.3  to  3  seconds.  Thus,  even 
though  the  Reference  F30  data  are  based  on  a  fighter  mission,  the  data  do 
indicate  the  gradient  of  pilot  rating  with  Z#  over  the  above  noted  ranges. 
Reference  FI  indicates,  from  in-flight  evaluations,  that  for  fighter  aircraft 
performing  precision  and  maneuvering  tasks,  the  pilot  ratings  degraded  to 
marginally  acceptable  for  2^  values  of  1.3  -  1.6  seconds.  For  large  air¬ 
planes,  Reference  B39  (Figure  14)  suggests  2^  values  of  2.3  seconds  for  the 
satisfactory  level,  and  6  seconds  for  the  acceptable  levels;  however,  as  noted 
earlier,  these  levels  are  probably  associated  with  somewhat  poorer  flying 
qualities  than  are  Levels  1  and  2  of  Reference  Al.  From  these  considerations, 
the  Level  2  requirements  of  Table  VII  of  Reference  Al  were  selected. 


Level  3  Requirement 

The  Level  3  value  of  2/?  =  10  seconds  is  relatively  arbitrary  but  is 
based  on  data  of  Reference  F5  (Figure  15)  pertaining  to  lifting  bodies  and 
of  Reference  F12  (Figure  16)  for  fighter  aircraft.  While  the  selected  value 
of  Z#  cannot  be  vigorously  defended,  it  does  legislate  against  unstable  roll 
modes  while  permitting  effective  acceleration-like  responses  to  control  inputs 
such  as  can  be  obtained  on  wingless  vehicles. 
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REF.  12  IS  HERE  REF.  F30 
REF.  13  IS  HERE  REF.  F22 
REF.  14  IS  HERE  REF.  FI9 
REF.  15  IS  NASA  TN  D-1328 
REF.  16  IS  NASA  TN  D-792 
REF.  57  1C  HERE  REF.  B48 
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Figure  1  (3.3. 1 .2) 

RATINGS  VERSUS  ROLL  DAMPING  -  FLIGHT  TEST, 
MOVING-BASE,  FIXED-BASE  WITH  RANDOM  INPUT 
(FROM  REFERENCE  F8) 


210 


00 


o*  cm  i 


2 


2 


3  4 


*  3  4  i  f  8  T 

r,  .  «c 


Figure  4  (3,3. 1 . 2) 

LATERAL  FLYING  QUALITIES  BOUNDARIES 
[Lfi  >  £-./)  (FROM  REFERENCE  G10) 
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Figure  5  (3.3. I .2) 

LATERAL  FLYING  QUALITIES  BOUNDARIES 
{Lj  Vs  r*  t  ( pR0M  REFERENCE  010) 
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VARIATION  OF  PILOT  OPINION  WITH  L,  Sn  , VARIATION  OF  PILOT  OPINION  WITH/,  6  H* 

FOR  CONSTANT  VALUES  OF  7"  AS  OBTAINED  FROM  CONSTANT  VALUES  OF  T  AS  OBTAINED  FROM  THE  MOVING 

THE  STATIONARY  FLIGHT  SIMULATOR  (FROM  FLIGHT  SIMULATOR.  (FROM  REFERENCE  F30) 

REFERENCE  F30) 
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Figure  II  (3.9. 1 .2) 


COMPARISON  OF  IN- FLIGHT  PILOT-OPINION  RATING 
WITH  THOSE  PREDICTED  FROM  FLIGHT  SIMULATOR 
BOUNDARIES.  (FROM  REFERENCE  F30) 
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Figure  12  (3. 3. 1 . 2) 

PILOT  RATING  VERSUS  ROLL  MODE  TIME  CONSTANT 
(FROM  REFERENCE  F22) 
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Figure  13  (3.3. 1.2} 

ROLL  RESPONSE,  LARGE  AIRCRAFT  IN  APPROACH  (FROM 
REFERENCE  B39) 


Figure  14  (3. 3. 1.2) 

SUGGESTED  ROLL-RESPONSE  BOUNDARIES  FOR  LARGE 
AIRCRAFT.  (APPROACH  CONDITIONS).  (FROM 
REFERENCE  B39) 
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3. 3. 1.3 


SPIRAL  STABILITY 


REQUIREMENT 


3. 3. 1.3  Spiral  stability.  The  combined  effects  of  spiral  stability,  flight- 
control  -systenT^KaracTeristics,  and  trim  change  with  speed  shall  be  such  that 
following  a  disturbance  in  bank  of  up  to  20  degrees,  the  time  for  the  bank 
angle  to  double  will  be  greater  than  the  values  in  table  VIII.  This  require¬ 
ment  shall  be  met  with  the  airplane  trimmed  for  wings-level,  zero-yaw-rate 
flight  with  the  cockpit  controls  free. 


TABLE  VIII.  Spiral  Stability  -  Minimum  Time  to  Double  Amplitude 


Class 

Flight  Phase 
Category 

Level  1 

Level  2 

Level  3 

I  §  IV 

V 

12  sec 

12  sec 

4  sec 

B  §  C 

20  sec 

12  sec 

4  sec 

II  S  III 

All 

20  sec 

12  sec 

4  sec 

RELATED  MIL-F-8785  PARAGRAPHS 

3.4.2 

DISCUSSION 

The  requirements  on  spiral  divergence  are  aimed  primarily  at  ensuring 
that  the  airplane  will  not  diverge  too  rapidly  from  a  wings-level  condition 
during  periods  of  pilot  inattention. 

This  requirement  of  Reference  A1  replaces  paragraph  3.4.2  of  MIL-F-8785. 
The  data  considered  were  almost  identical  to  those  considered  by  Reference  A14, 
and  the  resulting  conclusions  are  reasonably  consistent  with  those  of  Refer¬ 
ence  A14. 

From  consideration  of  data  in  References  F35,  F49,  and  F29,  Reference 
A14  recommended  retention  of  the  existing  >  20  seconds  requirement  in 
MIL-F-8785  and  also  proposed  a  requirement,  Tr/Z  t  10  seconds,  on  the  degree  of 
positive  spiral  stability  permitted.  The  Reference  A1  allowable  instability 
is  similar,  in  that  for  Flight  Phase  Categories  B  and  C  (analogous  to  the  cruise 
and  power  approach  configurations)  the  time  to  double  amplitude  is  r2  2 
20  seconds.  But  for  Flight  Phase  Category  A,  where  the  pilot  is  generally 
closing  a  tight  attitude  loop,  a  less  stringent  value  of  T2  2  12  seconds  was 
selected. 
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For  Level  2,  tz  £  12  seconds  was  selected.  This  corresponds  to  the 
minimum  tolerable  boundary  determined  by  Reference  F49  (Figure  1). 

For  Level  3,  a  value  of  rt  *  4  seconds  was  selected  as  a  compromise 
between  what  is  flyable  and  what  is  controllable  if  the  pilot  cannot  devote 
full  attention  to  flying  the  aircraft.  This  subject  was  discussed,  as  follows, 
in  Reference  F49: 


"The  minimum  tolerable  time  to  double  amplitude  of  the 
spiral  divergence  was  very  much  longer  than  the  minimum 
allowed  by  the  existing  handling  qualities  specifications 
(Reference  A18).  It  is  believed  that  the  concept  of  the 
spiral  divergence  being  unimportant  to  the  pilot,  because 
it  is  slow  enough  to  be  controlled,  had  led  to  considerable 
confusion  on  the  subject.  It  is  true  that  the  pilot  can 
control  an  airplane  with  a  very  rapid  divergence  (say, 
time  to  double  amplitude  of  2  or  4  seconds)  when  he  has 
nothing  to  do  but  fly  the  airplane.  Therefore,  tests  made 
with  a  rapid  divergence  where  the  pilot  devoted  full  atten¬ 
tion  to  flying,  or  made  under  conditions  such  as  a  landing 
approach,  where  the  pilot  necessarily  devotes  nearly  all 
of  his  time  to  flying  the  airplane,  will  show  that  the 
minimum  tolerable  time  to  double  amplitude  is  very  low. 

However,  there  are  many  circumstances  where  the  pilot  does 
not,  and  indeed,  cannot  devote  all  of  his  attention  to 
flying  the  airplane.  He  must  read  maps,  work  navigation 
problems,  consult  radio  facilities  handbooks,  or  route 
manuals,  tune  radios,  and  carry  on  various  other  activities. 

It  is  impossible  for  him  to  handle  the  '  tasks  effectively 
if,  every  time  he  diverts  his  attention,  the  airplane 
starts  spiralling  off.  It  is  perfectly  reasonable,  then, 
for  pilots  to  find  an  airplane  with  a  rapid  spiral  divergence 
perfectly  flyable  yet  absolutely  intolerable." 

In  Reierence  A14,  a  limit  of  seconds  on  the  degree  of  spiral 

stability  was  recommended  primarily  from  consideration  of  References  F35 
and  F29.  Reference  F35  stated  that  "the  maximum  desired  spiral  stability 
appears  to  be  a  time  to  half  amplitude  of  10  seconds"  and,  based  on  closed- 
loop  analysis.  Reference  F29  suggested  that  r t/z  less  than  approximately 
7  to  14  seconds  would  generally  cause  a  degradation  of  pilot  opinion.  If  the 
experimental  in-flight  data  of  Reference  F49  (Figure  1)  and  Reference  F35 
(Figure  2)  are  examined,  however,  it  can  be  seen  that  good  pilot  ratings 
are  obtained  for  seconds  and  that  the  flying  qualities  do  not  begin 

to  degrade  appreciably  until  7]^*  5  seconds. 

Although  there  are  some  data  that  indicate  there  should  be  some  limit 
on  the  degree  of  positive  spiral  stability,  other  data  show  that  strong 
positive  spiral  stability  can  be  beneficial.  For  example,  in  the  program 
described  in  Reference  F77,  a  wings-leveling  device  was  installed  in  an  aircraft 


«* 


221 


which  resulted  in  an  effective  highly  convergent  spiral.  Although  some  pilots 
commented  on  the  high  forces  required  to  hold  the  airplane  in  a  turn,  the 
flying  qualities  were  considered  to  be  quite  acceptable  and,  in  some  respects, 
definitely  preferable  to  neutral  spiral  stability. 

For  these  reasons,  it  was  decided  not  to  place  a  requirement  on  ?3  or 
Tr/Z  ,  but  rather  to  specify  more  direct  requirements  on  other  factors  asso¬ 
ciated  with  convergent  spirals,  that  is,  aileron  forces  in  turns  and  roll 
maneuverability.  In  3. 3.2.6,  limits  are  placed  on  the  amount  of  force  required 
to  hold  an  aircraft  in  a  turn.  In  3. 3. 4. 1.1  and  3. 3. 4. 1.3  requirements  are 
placed  on  fighter  aircraft  performing  large-bank-angle-change  maneuvers. 

It  should  be  noted  that  the  spiral  requirements  include  the  effect  of 
lateral  trim  change  with  speed  as  well  as  the  constant-speed  spiral  stability 
characteristics,  since  this  is  more  representative  of  what  the  pilot  sees 
than  are  constant-speed  stability  effects  alone. 
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CRUISE  CONDITION,  SPEED  195  KT  IAS,  ALTITUDE  10,000  FT  (APPROX) 

TOLERABLE 


SATISFACTORY  INTOLERABLE 


T i/i  SEC  5  10  2D  oo  20  10  5  4  5  2  5  T8  SEC 

Figure  1  (3.3. 1.3) 


LIMITS  OF  SATISFACTORY  AND  TOLERABLE  RATES  OF 
SPIRAL  DIVERGENCE  (FROM  REFERENCE  F19) 


Figure  2  (3.3. 1.3) 

DATA  FOR  ALL  TYPES  OF  FLYING  -  PILOT  OPINION  VS. 
SPIRAL  DAMPING  (FROM  REFERENCE  F35) 
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3. 3. 1.4  COUPLED  ROLL-SPIRAL 


REQUIREMENT 

3. 3. 1.4  Coupled  roll-spiral  oscillation.  A  coupled  roll-spiral  mode  will 
not  be  permitted. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

The  coupled  roll-spiral  requirement  is  new  and  is  based  primarily  on 
the  data  of  Reference  F12  (Figure  1),  FS  (Figures  2,  3  and  4),  and  the 
analysis  of  Reference  Bl.  These  data  show  that  the  configurations  investigated 
represented  "poor  to  very  bad"  tactical  airplanes.  Since  experience  with 
lifting  bodies,  for  example  Reference  F5,  and  the  data  of  Reference  F12  show 
that  certain  roll-spiral  configurations  are  controllable  (and  even  acceptable 
under  certain  conditions),  consideration  was  given  to  permitting  a  coupled 
roll-spiral  for  Level  3  providing  (£«>„)  was  greater  than  0.1.  However, 
this  was  considered  to  be  poor  design  practice  since  the  coupled  roll-spiral 
mode  has  not  been  investigated  over  the  Level  1  or  2  ranges  of  all  other 
related  parameters.  Also,  under  Level  3  conditions  several  flying  qualities 
characteristics  could  be  seriously  degraded,  so  no  coupled  roll-spiral  has 
been  permitted. 
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3..1.J  lateral  directional  Jyjmflc  reason* e  y hara c t e rt* t iox .  I.ateral-di  1*0* 
t  tonal  dynamic  re* non*#  ch a  facte rT»V  1 c *”  a ra  ara’tVd  l rT"t ei'm*  of  re*pon*e  to 
atmospheric  disturbance*  and  in  term*  of  allowable  roll  rate  anti  bank  oscil 
hit  ion*,  *  1  do* lip  excursions,  aileron  stick  or  wheel  force*,  and  rudder  pedal 
force*  that  occur  during  specified  rolling  and  turning  maneuver*,  Hie  require¬ 
ment*  of  .1,3,  a  it  V.1.,1,3,  and  .1.3. 2, 4  apply  for  both  right  and  left  aileron 
command*  of  all  magnitude*  up  to  rhe  magnitude  required  to  meet  the  roll 
performance  requirement*  of  3.. 1,4  and  3 .  .1 . 4 . ) . 

RlibATim  Ml  l,-F-87R8  PAHAtiH AI*HS 

3.4.6. 3,  .1,4,5) 

DISCUSSION 

'litis  section  places  both  qualitative  and  quantitative  requirements  on 
the  response  of  airplanes  to  control  inputs  and  atmospheric  disturbances.  In 
contrast  to  most  other  requirements  which  specify  desired  response  to  control 
inputs,  the  requirements  of  this  section  place  limits  on  unwanted  responses 
resulting  from  control  inputs  and  atmospheric  disturbances .”'lV*se  unwanted 
responses  detract  from  precision  of  fontrol  and  can  contribute  to  PIQ  tendencies. 
The  requirements  on  the  coupling  that  can  exist  between  roll  and  sideslip  are 
directed  ut  precision  of  control  for  relatively  small  amplitude  rolling 
maneuvers,  whereas  Paragraph  3.4.3  of  Reference  Al,  "Pitch-roll-yaw  coupling," 
considers  much  larger  bank-angle  changes  and  includes  coupling  between  longitu¬ 
dinal  and  lateral-directional  motions. 

Prom  a  flying  qualities  viewpoint,  roll-sideslip  coup  ing  is  manifested 
in  at  least  three  ways  depending  on  the  |  response  ratio.  The  next  three 

purugraphs  list  the  possible  difficulties  and  may  serve  to  guide  evaluation 
pilots'  ratings  of  flying  qualities. 

For  low  |  ~jS  |y  response  ratios,  sideslip  per  se  is  important  to  the 
pilot.  For  these  cases,  if  roll  rate  or  aileron  control  excite  sideslip,  the 
flying  qualities  can  be  degraded  by  such  motions  as  an  oscillation  of  the  nose 
on  the  horizon  during  a  turn  or  a  lag  or  initial  reversal  in  yaw  rate  during 
a  turn  entry,  or  by  pilot  difficulty  in  quickly  and  precisely  taking  up  a 
given  heading.  In  addition,  the  pilot  cannot  damp  Dutch  roll  oscillations 
through  the  use  of  aileron  control  only. 

1*1  . 

For  larger  \/f\^  response  ratios,  the  coupling  of/#  with  f  and  f 

becomes  important,  causing  oscillations  in  roll  rate  and  ratcheting  of  bank 
angle.  In  this  case,  the  pilot  may  have  difficulty  in  precisely  controlling 
roll  rate  or  in  acquiring  a  given  bank  angle. 
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for  very  Urge  value*  of  |  jl  reaptmae  ration,  aaiultlvity  of  roll 
to  rudder  pedal*  or  reapona*  to  atmoapherlc  disturbance*  may  ba  ao  grant  that 
the  airplane  la  never  considered  to  ba  vary  good. 

Hequlrement*  on  the  amount  of  a  Ulan  tin  permitted  during  abrupt  rudder 
padal'free  turn  antrlan,  which  may  ba  mont  critical  In  alrplanaa  with  low 
| jfjj  reapcnae  ration,  ara  specified  In  3. 3, 2. 4  and  3. 3, 2, 4. I,  It  In  to  ba 
noted  that  aide  acceleration  or  structural  load*  may  wall  tmpone  additional 
limitation*  which  ara  more  navara  than  the  requirements  of  Paragraph  »V3  e . 4 , 
particularly  at  high  apeadn.  Kequlrementa  on  the  amount  of  roll  rata  oncllla 
tlon  during. abrupt  turn  antrlan,  which  may  bo  mont  critical  for  alrplanen  with 
moderate  I jrL  reaponae  ration,  are  npeclflad  In  3. 3, 2, 2  and  3. 3. 2, 2,1,  Assort 
ated  requirements  on  bank  angle  oscillation*  ara  given  In  .1,3.2,  t.  Qualitative 
requirement*  on  the  ranponnc  and  control  in  atmospheric  diaturbancen ,  which 
may  ba  mont  critical  for  alrplanen  with  large  4|  reaponae  ration,  are 
npeclflad  In  3,. 1,2.1, 

Another  factor  that  hna  bean  connidnred  in  addressing  the  problem  of 
rol 1-aidealip  coupling  is  how  wall  the  pilot  can  control  or  prevent  unwanted 
motions,  that  is,  how  well  he  can  coordinate  with  rudder  pedals.  If  the 
airplane  in  easy  to  coordinate  during  turn  entries,  then  the  pilot  may  tolerate 
relatively  large  unwanted  motions  during  rudder-pedals- free  turn  entries  since 
he  can  control  these  unwanted  motions  if  desired.  On  the  other  hand,  when 
coordination  is  difficult,  the  pilot  will  tolerate  only  small  unwanted  motions 
since  he  must  either  livo  with  these  motions  or  may  even  aggravate  them  if  he 
tries  to  coordinate.  The  parameter  "  "  was  introduced  as  the  most  precise 

measure  of  this  very  nebulous,  but  important,  factor  -  difficulty  of  coordina- 
t  ion . 

fate  tie 

It  should  be  noted  that  measurement  of  Jfay  ,  ~y£..  ,  fa  and 
requires  some  minimum  length  of  time  history.  Although  this  should  not  pose 
a  problem  in  design,  in  flight  test  when  large  step  aileron  inputs  aro  used, 
large  bank  angles  may  be  reached  before  the  required  length  of  time  history 
can  be  obtained.  When  small  inputs  are  used,  however,  sufficient  time  is 
normally  obtainable.  And  these  parameters  are  critical  for  closed- loop 
controllability  aspects  of  flying  qualities,  which  involve  small  inputs. 
Provision  has  been  made  to  flight  test  for  maximum  sideslip  and  roll  rate 
excitation  following  largo  aileron  inputs,  however,  since  these  are  also  of 
concern.  Such  a  sideslip  requirement  was  contained  in  MIL-F-8785.  The 
^oscI^av  impulse- response  requirement  also  lends  itself  to  flight  testing 
with  larger  control  inputs. 

The  roll  oscillation  and  sideslip  requirements  were  derived  empirically 
from  experimental  in-flight  and  flight  test  data  generated  from  aircraft 
possessing  conventional  modal  characteristics.  The  theoretical  discussion 
contained  in  the  following  few  sections  of  this  report,  which  is  based  on 
linear  conventional  responses,  is  included  to  give  some  insight  on  correlation 
of  the  empirical  data  with  the  selected  parameters. 


Definition*  of,  and  technique*  for  measuring,  the  parameter*  used  in 
the  roll  sideslip  coupling  requirement*  ere  presented  in  Paragraph  b.  ',5  of 
Reference  A1  and  in  Appendices  VH  and  VC.  The  time  histories  presented  in 
figure*  W  and  10  of  Keference  A1  are  presented  her*  in  figure*  1  through  0 
for  greater  clarity,  lit*  figure*  present  f  ,  f  and/*  time  histories 
following  an  abrupt  aileron  stick  input  for  four  different  //^l transfer 
function  i*io  location*,  'lit***  figure*  preaent  example*  of  measurement  of 
*le  *  e yy/  .  $5*? and  ^4 * * f  for  both  right  and  left  roll*,  figure  1  show*  the 
four  aero  location*,  figure*  2  through  S  *how  the  time  histories  for  right 
roll*,  and  figure*  0  through  V  show  the  time  histories  for  left  1*011*. 

Although  it  wa*  necessary  to  tie  these  requirement*  very  closely  to 
a  specific  input  and  specific  motion  variables  in  order  to  specify  them 
precisely,  it  i*  recognised  that  there  may  well  he  other  technique*  whereby 
the  required  data  can  he  obtained. 


Sideslip  sensor*  are  subject  to  aidowash  and  installation  errors. 
Since  generally  they  cannot  bo  located  near  the  airplane  c.g,,  they  also 
pick  up  components  of  yawing  and  rolling  motion.  For  flight  test,  then,  it 
may  be  more  convenient  to  use  a  lateral  accelerometer  mounted  near  the  c.g, 
than  to  calibrate  and  correct  a/0  -sensor  output,  for  some  configurations 
Y 2*  .  .  Yr  *n<l  other  possible  side-force  derivatives  have  negligible  effect 

compared  to  >/ ,  In  that  case,  from  Reference  B73  it  can  be  shown  that  the 
sideslip  and  accelerometer- loading  responses  at  the  c.g.  are  related  by  a 
constant.  In  transfer- function  form, 


J<*) 


•1  m 

~v*sc[ 


~<Tm  (/) 


In  many  cases  both  fa  and  d>4MM<rcftn  be  found  accurately  and  easily  this  way. 
An  example  of  a  configuration  for  which  is  not  equivalent  to  /d  is  a 
highly-swept  wing  with  spoilers,  which  tends  to  have  significant  Y  . 


The  data  base  for  the  quantitative  Level  1  and  Level  2  boundaries  is 
somewhat  sparse.  In  view  of  the  demonstrated  inadequacy  of  the  MIL-F-8785 
requirements ,  however,  we  feel  that  Reference  A1  is  a  tremendous  improvement. 
Its  requirements  have  a  solid  busis  in  theory  and  are  substantiated  by  the 
data  available. 
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Figure  1  (3.3.2) 

EXAMPLES  OF  POLE  AND  ZERO  LOCATIONS 
OF  THE  37  |  STEP  RESPONSE  FUNCTION 
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LtFT  ROLL  -  ZERO  AT  LEFT  ROLL  -  ZERO  AT 

POSITION  (c)  OF  FIGURE  1  POSITION  (d)  OF  FIGURE  1 
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3. 3. 2.1  LATERAL- DIRECTIONAL  RESPONSE  TO  ATMOSPHERIC  DISTURBANCES 
REQUIREMENT 

3. 3. 2.1  Lateral-directional  response  to  atmospheric  disturbances.  Although 
no  numerical  requirements  are  specified,  the  combined  effect  of  ^  ,  2^  , 

>  8ust  sensitivity,  and  flight-control-system  nonlinearities 
shall  be  such  that  the  airplane  will  have  acceptable  response  and  control¬ 
lability  characteristics  in  atmospheric  disturbances.  In  particular,  the  roll 
acceleration,  rate,  and  displacement  responses  to  side  gusts  shall  be  investi¬ 
gated  for  airplanes  with  large  rolling  moment  due  to  sideslip. 

RELATED  MIL-F-8785  PARAGRAPHS 


DISCUSSION 


To  understand  the  complexity  of  the  gust  and  turbulence  response 
problem,  and  to  see  why  it  was  necessary  to  specify  a  direct  requirement, 
albeit  qualitative,  it  is  beneficial  to  examine  the  analysis  given  in  Refer¬ 
ence  F5.  Although  this  was  a  study  of  causes  underlying  the  severe  response 
to  gusts  of  certain  re-entry  configurations,  the  results  are  of  general  appli¬ 
cability.  From  this  study  (presented  in  a  slightly  modified  form  in  Appen¬ 
dix  VA]  it  can  be  seen  that  parameters  such  as  Dutch  roll  natural  frequency, 
roll  damping,  and  the  stability  derivative  ^  ,  as  well  as  Dutch  roll  damping 
ratio,  all  contribute  significantly  to  the  roll  response  due  to  side  gusts. 
Pilots  tend  to  downrate  otherwise-acceptable  configurations  with  high  j  4- 
because  of  sensitivity  to  turbulence.  ( I  J-  I,  is  discussed  in  detail  in 
Appendix  VC.)  * 

This,  however,  does  not  tell  the  whole  story.  The  ability  of  a  pilot 
to  control  an  aircraft  in  the  presence  of  atmospheric  disturbances  depends 
not  only  on  the  response  of  the  aircraft  to  atmospheric  disturbances,  but  also 
on  the  closed-loop  controllability  characteristics  of  the  pilot/aircraft 
combination.  Since  the  latter  is  influenced  by  factors  such  as  roll-sideslip 
coupling  characteristics,  the  overall  problem  of  controllability  in  the  presence 
of  atmospheric  disturbances  is  extremely  complex.  In  3^3. 1.1,  an  increment 
in  Dutch  roll  damping,  ^d^^d,  >  is  specified  when  jg~\  exceeds  20/sec^. 

This  requirement  is  specifically  directed  at  airplanes  which  have  large  roll 
acceleration  response  to  side  gusts,  rudder  control  inputs,  etc.  Because  the 
problem  of  controllability  in  turbulence  is  complex,  simply  increasing  the 
Dutch  roll  damping  may  not  be  an  adequate  solution.  For  this  reason,  the 
qualitative  requirement  of  3. 3.2.1  must  be  given  serious  attention. 
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3. 3. 2. 2  ROLL  RATE  OSCILLATIONS 

3. 3. 2. 2,1  ADDITIONAL  ROLL  RATE  REQUIREMENTS  FOR  SMALL  INPUTS 
REQUIREMENTS 

3. 3. 2. 2  Roll  rate  oscillations.  Following  a  rudder-pedals- free  step  aileron 
control  command,  the  roll  rate  at  the  first  minimum  following  the  first  peak 
shall  be  of  the  same  sign  and  not  less  than  the  following  percentage  of  the 
roll  rate  at  the  first  peak: 


Level 

Flight  Phase  Category 

Percent 

1 

A  §  C 

60 

B 

25 

2 

A  §  C 

25 

B 

0 

For  all  Levels,  the  change  in  bank  angle  shall  always  be  in  the  direction  of 
the  aileron  control  command.  The  aileron  command  shall  be  held  fixed  until 
the  bank  angle  has  changed  at  least  90  degrees. 

3. 3. 2. 2.1  Additional  roll  rate  requirement  for  small  inputs.  The  value  of 
the  parameter  -P0sC/-Pav  following  a  rudder-pedals- free  step  aileron  command 
shall  be  within  the  limits  shown  on  figure  4  for  Levels  1  and  2.  This  re¬ 
quirement  applies  for  step  aileron  control  commands  up  to  the  magnitude  which 
causes  a  60  degree  bank  angle  change  in  1.7  Tj  seconds. 


Figure  4.  ROLL  RATE  OSCILLATION  LIMITATIONS 
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RELATED  MIL-F-8785  PARAGRAPHS 


3. 4. 6. 3 
DISCUSSION 
BackgrQund 


These  requirements  are  new  and  are  directed  at  precision  of  control  of 
airplanes  with  moderate  to  high  |^|-|  response  ratios. 

Until  recently,  most  investigations  of  roll-sideslip  coupling  for 
moderate  bank-angle-change  maneuvers  have  been  concerned  with  the  effects  of 
aileron  yaw,  rt'g AS  ,  which  has  been  examined  in  relation  to  its  effect  in 
rolling  or  bank  angle  tracking  maneuvers.  The  parameter  which  has  been  most 
widely  used  to  describe  the  effects  and  specify  handling  qualities  has  been 


u) 


where 


£/• 


/- 


AS 


°AS 


/  Q  /  / 

when  /K- »  y  ,  Y^  =  0  ,  Y ^  =  0  and  /Vr  .  Discussion  of  effects  will 

serve  £s  a  lead-in  to  the  more  inclusive  requirements  of  Reference  Al. 

Consider  now  the  effects  of  "adverse  yaw"  (-4^  negative)  with  posi¬ 
tive  effective  dihedral  negative)  following  a  step  aileron  input.  Frsm 
Sketch  1  it  can  be  seen  that  the  resulting  effect  on  sideslip  is  that  is 
initially  small  and  then  goes  positive.  (This  and  other  time  responses  and 
transfer  functions  used  in  this  discussion  are  derived  in  Appendix  VC.) 


Sketch 
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For  a  cosine  representation,  the  Dutch  roll  component  of  the  sideslip  response 
has  a  phase  angle,  ,  of  approximately  - 1 80*1  fKTs  is  the  phase  angle  that 
appears  in  the  time-history  equation 
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Sketch  2  is  a  plot  of  the  roll-rate  response- funct Ion  poles  ami  zeros 
on  the  complex  plane  for  a  step  control  input.  For  negative  anil  ♦’io  •*  *- *  ;r* 

is  less  than  one;  that  is,  the  zero  lies  below  the  Dutch  roll  pole.  Since  V 
//Ts  must  be  very  close  to  zero,  the  relative  departure  of  the  zero  from  the 
pole  is  a  measure  of  the  departure  of  the  roil  response  from  pure  one-degroe- 
of- freedom  form.  As  more  Dutch  roll  appears  in  the  t/fjs  response,  pilots 
object  to  its  oscillator)'  nature  and  may  experience  difficulty  in  tracking 
(see  e.g.,  References  F29  and  F9) . 


Sketch  2 


Vr, 

It  can  be  shown  similarly  that  for  "proverse  yaw",  ,4  is  initially 
small  and  then  goes  negative,  and  has  a  phase  angle  of  approximately  -360 
degrees.  The  corresponding  condition  on  the  complex  plane  for  the  transfer 
function  is  with  the  zero  above  the  pole/^  >  1). 

'  u*ti 

For  small  9j  and  ,  it  can  be  shown  that  the  time  response  to  a 
step  input  is  approximately  t 
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Because  so  much  data  have  been  presented  in  the  form  of  ,  as  in 
Sketch  3,  we  have  become  accustomed  to  thinking  in  terms  of  either  "adverse 
yaw"  or  "proverse  yaw"  and  the  ratio  of  the  radial  distances  from  the  origin 
to  the  zero  and  to  the  Dutch  roll  pole.  In  other  words,  we  have  been  thinking 
in  terms  of  one  dimension  only. 

I  -i- 


PILOT 

RATINGS 
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Sketch  3 
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Ihisl*  for  t hr*  DequiromptH 

When  t  ho  effect*  of  Ay  are  con*  hie  rod,  however,  the  aero  no  longer 
only  move*  primarily  In  the  radial  direction:  it  move*  within  an  area  around 
the  Dutch  roll  pole.  Likewise,  the  phasing  of  the  aldeallp  trace  following  a 
step  aileron  input  is  no  longer  only  "adverse"  l ty  *  - 180")  or  "prove r**" 
l  •  ,1t»0*) ,  but  can  have  any  phase  angle  between  0  and  -.160*. 

Decently,  experimental  work  has  been  conducted  (Deferences  I(1 ,  !■'!»,  I«)», 
l'7.\  l-‘73,  l;74  and  (110)  to  extend  our  understanding  of  the  effect  of  parameter* 
other  than  ,  Areas  of  acceptable  zero  locations  have  been  mapped  as  shown 

in  Sketch  4.  This  worThas  shown  that  the  amount  of  roll  rate  oscillation 
that  a  pilot  will  tolerate  In  step  aileron  rolls  Is  highly  dependent  upon  the 
position  of  the  zero  with  respect  to  the  Dutch  roll  polo  of  the  transfer 
function.  The  data  show  that  the  optimum  angular  location  of  the  T&ro  is  In 
the  lower  left  quadrant  with  respect  to  the  pole,  with  generally  decreasing 
levels  of  desirability  as  the  zero  is  moved  around  the  pole  or  away  from  the 
optimum  point. 


STfP 


-* 


Sketch  4 


U>J 

Since  the  parameter  only  indicates  the  relative  distance  of  tho  zero  and 

the  pole  from  the  origin,  does  nu*  adequately  describe  the  physical 

situation.  Therefore,  the  possibility  of  specifying  a  roll-sideslip  coupling 
requirement  by  constructing  -an  acceptable  area  of  zero  locations  on  the  complex 
plane  for  the  transfer  function  was  investigated. 

°as 

One^of  the  main  shortcomings  of  this  approach  (and  of  using  the 
parameter  )  is  that  it  requires  knowledge  of  the  location  of  the  zero  of 
the  trarf^fer  function.  Industry  was  quite  emphatic  about  their  dislike 

of  any ^requi remen t  that  was  based  on  a  preconceived  transfer  function  format 
which  involved  very-dif ficult-to-measure  parameters.  Another  shortcoming  is 
that  one  would  expect  the  acceptable  irea  to  bo  larger  for  high  than  for 
low  td  ,  and  larger  for  large  than  for  small  (assuming  no  degradation 
in  flying  qualities  due  to  alone).  Also,  since  the  amount  of  Dutch  roll 

excitation  in  roll  is  in  some  respects  proportional  to  the  ratio  of: 

Distance  from  pole  to  zero 
Distance  of  pole  from  origin 


■*  * 

«  #■ 
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the  Accept  nh  l«*  area  would  m  h  r  i  n  k  In  Also  a*  decreased.  Thus,  because  of 
thin  dependence  of  site  and  shape  of  accept  aI>  I  e  area*  with  the  lateral- 
directional  modal  characteristic*  a*  Indicated  In  Sketch  S,  the  requirement 
would  he  awkward  to  specify. 


Anulyais  of  time  histories  of  experimental  data  shows  that,  for  constant 
angular  displacement  of  the  and  roots,  tho  degradation  of  flying 

qualities  due  to  excitation  of  the  Dutch  roll  in  roll  is  roughly  proportional 
to  the  rutio  of: 

Dutch  roll  component  of  roll  rate 
S toady  state  component  of  roll  rate 

that  tho  pilot  sees.  In  other  words,  the  degradation  in  flying  qualities  is 
proportional  to  the  amount  of  roll  rate  oscil ljition,  ,  about  some  mean 
value  of  roll  rate,  fAV  .  Thus  the  parameter  is  a  dirert  measure  of  the 

response  which  is  degrading  the  flying  qualities;  and,  because  it  is  relatively 
easy  to  measure  from  flight  test  data  and  is  relatively  insensitive  to  sensor 
orientation,  it  is  used  as  a  parameter  in  specifying  the  requirement. 

As  was  previously  mentioned,  in  the  transfer  function,  the  angular 

location  of  the  zero  with  respect  to  the  pole  as  well  as  the  distance  of  the 
zero  from  the  pole  is  of  significance  in  determining  or  specifying  aircraft 
flying  qualities.  In  other  words,  the  allowable  for  a  given  level  of 

flying  qualities  is  a  function  of  the  angular  location  of  the  associated  zero 
with  respect  to  the  Dutch  roll  pole.  Since  the  idea  of  specifying  areas  of 
acceptable  zero  locations  was  found  to  have  shortcomings,  another  method  of 
specifying  the  angular  location  of  the  zero  with  respect  to  the  pole  was 
investigated.  This  method  consisted  of  using  the  phase  angle,  ,  of  the 
Dutch  roll  oscillation  in  roll  rate  following  a  step  aileron  input. 
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The  poles  and  zeros  are  shown  in  Sketch  7. 


From  the  equation  for  ,  it  can  be  seen  that  for  given  Dutch  roll,  spiral 
and  roll  mode  characteristics,  and  ^or  the  zero  located  relatively  close  to 
the  pole  (if2  *  ife),  the  phase  angle  ^  is  directly  related  to  ^  ,  the  angular 
location  of  the  zero  with  respect  to  the  pole.  Thus,  it  is  possible  to  specify 
the  angular  zero  location  through  the  phase  angle  of  the  Dutch  roll  component 
of  roll  rate.  A  shortcoming  of  this  method  is  that  there  is  not  a  unique 
for  a  given  zero  location,  tf  ,  since  is  directly  related  to  and  t/rs  . 

Thus  a  requirement  employing  the  parameter  tp  would  be  awkward  to  specify  and 
would  require  knowledge  of  the  roll  mode  ana  spiral  mode  roots. 

Another,  and  more  straightforward,  way  in  which  the  angular  location 
of  the  zero  can  be  specified  is  through  measurement  of  the  phase  angle  of  the 
Dutch  roll  component  of  sideslip  following  a  step  aileron  input,  where 


jktp 


-  *  **'*"*  **  **  (*o*d  S'  -  Kc  *  +  *>) 


Sketch  8  portrays  the  Dutch  roll  component  of  sideslip  response  follow¬ 
ing  a  step  aileron  input* for  several  values  of  .  Although  the  amplitude 
of  the  Dutch  roll  oscillation  is  the  same  for  each  of  the  responses  shown,  the 
phasing  of  the  responses  is  different.  This  phasing  of  the  Dutch  roll  oscilla¬ 
tion  in  sideslip  following  a  step  aileron  input  is  defined  by  ^  . 
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SKETCH  8 

As  will  be  shown,  the  angular  position  of  the  zero  relative  to  the 
Dutch  roll  pole  of  the  p/<S/)s  transfer  function  is  directly  related  to  the 
phase  angle  of  the  Dutch  roll  oscillation  in  sideslip,  ^  ,  relatively 
independent  of  roll  mode  and  spiral  mode  characteristics  for  a  wide  range  of 
stability  derivatives.  In  other  words,  for  each  angular  location  of  the  zero 
with  respect  to  the  Dutch  roll  pole,  there  is  a  relatively  unique  value  of  . 
That  this  is  so  is  perhaps  indicative  of  the  fundamental  importance  of  side¬ 
slip,  not  only  as  an  important  flying  qualities  parameter  per  se,  but  as  a 
parameter  that  is  basic  to  the  coupling  that  exists  in  the  lateral-directional 
motions  during  rolling  maneuvers. 

The  substantiation  of  the  relatively  unique  relationship  between  the 
transfer  function  zero  location  and  the  phase  angle  of  the  Dutch  roll  in 
sideslip  is  given  in  Appendix  VC.  In  simple  terms,  phasing  in  roll  rate  is 
related  to  phasing  in  sideslip  through  the  \£  |  j  response  ratio.  It  develops 
that  in  tp  ,  angular  contributions  from  the  \£\  response  ratio  almost  exactly 
cancel  out  the  angular  contributions  of  the  foil  and  spiral  mode  roots  to 
without  introducing  any  other  appreciable  angular  contributions.  This  cancel¬ 
lation  occurs  for  a  wide  range  of  lateral-directional  stability  derivatives. 
The  relationship  between  the  phase  angle  of  the  Dutch  roll  in  sideslip  and  the 
P/iAS  transfer  function  zero  locations,  developed  in  Appendix  VC,  is  shown  in 
Sketch  9. 
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Sketch  9 

4 

The  parameters  /PA^  and  ^  have  been  used  to  specify  criteria 

as  a  function  of  Flight  Phase  Category  and  Level  as  shown  in  Sketch  10 
(Reference  Al,  Paragraph  3. 3.2.2. 1,  Figure  4). 
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Sketch  10 

It  should  be  noted  that  this  figure  has  two  ^  scales,  one  for 
positive  dihedral  (p  leads by  45°  to  225°)  and  the  other  fot^ne^afri^re— drhetrf^I 
Ip  leads  by  225°  through  360°  to  45°).  In  Reference  Al,  dihedral  is  defined 
by  the  parameter  4  p/fi  ,  since  dihedral  as  currently  used  in  flying  qualities 
work  seems  to  be  an  ambiguous  and  ill-defined  parameter.  The  rationale  behind 
the  use  of  two  scales  and  a  discussion  of  the  relationship  between  dihedral 
effect  and  is  presented  in  Appendix  VC. 
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In  this  context,  "positive  dihedral"  means  negative  Cg  *■  ~ 

Note  that  r 


^  = 


It  should  also  be  noted  that  the  value,  or  even  the  sign,  of  cannot 
always  be  determined  from  steady  rudder-pedal-induced  sideslips.  Not  only 
are  product  of  inertia  effects  absent  in  steady  sideslips,  but  also  the 
control  deflections  are  affected  by  control  cross -coupling  derivatives. 

On  the  other  hand,  generally  is  a  good  discriminator  of  the  sign  of 

dihedral . 

Effect  of  f'fi  on  Flying  Qualities 


Since  ts  (the  phase  angle  in  a  cosine  representation  of  the  Dutch 
roll  component  of  sideslips  negative  for  a  lag)  is  a  rather  abstract  parameter, 
it  is  well  to  consider  its  physical  implications  and  significance  to  the 
piloting  of  ail  airplane.  Very  simply,  can  be  considered  as  an  indica¬ 

tor  of  those  closed-loop  stability  characteristics  of  an  airplane  that  are 
related  to  the  lateral-directional  coupling  derivatives;  and  of  the  difficulty 
a  pilot  will  experience  in  coordinating  a  turn  entry.  Further  clarification 
can  be  obtained  by  discussing  the  variation  of  the  specified  values  of 
with  tfi  for  positive  dihedral  as  shown  in  Sketch  10.  (Additional  discussions 
are  presented  in  Appendix  VC.) 


Sketch  11 
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From  Sketch  11  it  can  be  seen  that  the  ratio  of  roll  rate  oscillation 
to  steady  state  roll  rate  can  be  much  greater  for  some  values  of  “t #  than 
for  others.  Specifically,  the  specified  values  of  fo3t  /  /W  f°r  0°  ~  ^--90° 
are  far  more  stringent  than  for  -180o-£  5.  -270°.  There  are  at  least  three 

reasons  why  this  is  so: 

(a)  differences  in  closed-loop  stability 

(b)  differences  in  difficulty  of  rudder  coordination 

(c)  differences  in  average  roll  rate. 


From  a  root  locus  analysis,  it  can  be  shown  that  when  the  zero  of  the 
f>/6AS  transfer  function  lies  in  the  lower  left  quadrant  with  respect  to  the 
Dutch  roll  pole,  (-180°-  ^  -  -270°),  the  closed-loop  damping  increases  when 
the  pilot  closes  a  bank  angle  error  to  aileron  loop.  The  reason  for  this  in 
physical  terms  is  that  when  the  zero  lies  in  the  lower  left  quadrant,  aileron 
inputs  proportional  to  bank  angle  errors  generate  yawing  accelerations  that 
tend  to  damp  the  Dutch  roll  oscillations.  Thus  the  Dutch  roll  damps  out  more 
quickly  closed-loop  than  open-loop,  so  a  pilot  will  tend  to  tolerate  somewhat 
more  fosc/^AV  •  Conversely,  it  can  be  shown  that  when  the  zero  lies  in  the 
upper  right  quadrant  with  respect  to  the  Dutch  roll  pole  (0°  -  ^-*-90°) ,  the 
closed-loop  damping  decreases  when  the  pilot  applies  aileron  inputs  proportional 
to  bank  angle  error.  The  physical  explanation  for  this  is  that  aileron  inputs 
generate  yawing  accelerations  that  tend  to  excite  or  sustain  the  Dutch  roll 
oscillations.  Thus  the  Dutch  roll  damps  out  less  quickly  closed  loop  than 
open  loop,  and  can  even  go  unstable  closed  loop;  that  is,  pilot-induced  oscil¬ 
lations  can  result.  In  this  case  a  pilot's  tolerance  of  f  !f>  tends  to 
reduce.  °SC/  * 


Significant  differences  in  the  fosc/f^V  requirements  also  occur  because 
of  differences  in  difficulty  of  rudder  coordination  while  performing  coordinated 
turn  entries  or  exits.  For  - 180°-* -270° ,  normal  coordination  may  be 
effected,  that  is,  right  rudder  pedal  for  right  rolls.  Thus,  even  if  large 
roll  rate  oscillations  occur  in  rudder-pedal-free  rolls  (the  conditions  under 
which  the  -Posa/fAv  tests  are  conducted),  sideslip  oscillations  can  be  readily 
minimized  by  use  of  rudder  pedals  so  the  roll  rate  oscillations  do  not  occur. 

On  the  other  hand,  for  0°*fc2-90°  it  is  necessary  to  cross  control  to  effect 
coordination,  that  is,  left  rudder  pedal  with  right  aileron.  Since  pilots  do 
not  normally  cross  control  (and  if  they  must,  have  great  difficulty  in  doing 
so)  for  0°£^--90°,  oscillations  in  sideslip,  and  hence  oscillations  in  roll 
rate,  either  go  unchecked  or  are  amplified  by  the  pilot's  efforts  to  coordinate. 

The  third  reason  why  the  fosc/f^v  requirements  vary  so  significantly 
with  that  the  average  roll  rate,  f>AV  ,  for  a  given  aileron  input,  varies 

significantly  with  For  positive  dihedral,  adverse  yaw-due-to  aileron 

()^s:-180o)  tends  to  decrease  average  roll  rate  whereas  proverse  yaw-due- 
to  aileron  (^^0°)  tends  to  increase  average  roll  rate.  As  a  matter  of  fact, 
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proverse  yaw-due-to  aileron  is  sometimes  referred  to  as  "complementary  yaw" 
because  of  this  augmentation  of  roll  effectiveness.  Thus,  for  a  given  ampli¬ 
tude  of  ,  f03c/f>AV  will  be  greater  at  y/fl  -  -180°  than  it  will  be  at  =  0°. 

In  summary,  the  parameters  that  have  been  chosen  in  Paragraphs  3. 5.2.2 
and  3. 3. 2. 2.1  to  describe  and  specify  the  coupling  that  exists  between  side¬ 
slip  and  roll  for  moderate  to  high  response  ratios  are  -p0sc  (Pav  an<* 

t £  .  These  parameters  were  chosen  as  being  measurable  parameters  which  most 
simply,  directly,  and  accurately  reflect  the  important  flying  qualities  con¬ 
siderations.  The  measurements  are  taken  from  the  -f  and  /)  traces  which  are 
relatively  insensitive  to  sensor  orientation  and  type  of  input. 

Requirements  for  Large- Amplitude  Rolls 

The  preceding  discussion  presents  the  rationale  which  supports  the 
requirement  of  3. 3. 2. 2.1.  The  data  were  obtained  for  small  aileron  steps,  and 
practical  problems  arise  when  large  inputs  are  used,  so  3. 3. 2. 2.1  applies  to 
small  inputs  only.  However,  a  certain  degree  of  precision  is  needed  for  large, 
possibly  open-loop  as  well  as  small,  closed-loop  inputs;  so  an  additional 
requirement  (3. 3.2.2)  pertaining  to  large  control  inputs  has  been  specified. 

The  numerical  values  of  the  roll  rates  specified  in  3. 3. 2. 2  were  transformed 
from  the  values  of  fosc/  Pav  for  "adverse  yaw"  in  3. 3. 2. 2.1.  Thus,  the 
requirements  of  3. 3. 2. 2  and  3. 3. 2.2.1  are  essentially  identical  for  airplanes 
with  "adverse  yaw".  However,  the  requirement  of  3. 3. 2. 2  is  far  more  lenient 
than  the  requirement  of  3. 3. 2. 2.1  for  airplanes  with  "proverse  yaw." 

The  90°  roll  amplitude  limit  of  3. 3. 2. 2  arbitrarily  matches  the 
45°-to-45°-bank  maneuver  of  M1L-F-8785  for  a  similar  requirement.  Obviously 
fighters  roll  through  larger  angles.  In  that  respect  it  would  have  been 
rational  to  make  the  amplitude  limit  a  function  of  Class  or  Flight  Phase. 

However,  the  design  implications  could  be  rather  drastic.  For  that  reason, 
application  is  restricted  to  maneuvers  of  roll  amplitude  less  than  90°. 


Data  Upon  Which  Requirements  are  Based 


The  data  upon  which  these  curves  are  based  are  presented  in  Figures  1 
through  6  as  follows: 


Figure  1 
Figure  2 
Figure  3 
Figure  4 
Figure  5 
Figure  6 


-  Flight  Phase  Category  A  (Reference  FI) 

-  Flight  Phase  Category  B  (Reference  F5) 

-  Flight  Phase  Category  B  (Reference  F22) 

-  Flight  Phase  Category  C  (Reference  G10) 

-  Data  on  some  Class  IV  airplanes 

-  Data  on  some  Class  III  airplanes 


247 


I 


A  sample  of  the  raw  data  from  Reference  FI  from  which  the  reduced  data 
of  Figure  1  were  obtained  is  presented  in  Figures  7  through  15.  These  data  are 
typical  in  that.,  although  smooth  curves  can  generally  be  drawn  through  most 
of  the  points,  some  ratings  were  off  the  expected  value.  Thus,  no  matter  how 
^most  data  are  presented,  there  will  always  be  some  points  that  cannot  be 
'correlated.  It  should  be  noted  from  Figures  1  through  4  that,  although  the 
Pojc/P/,y  criteria  cannot  be  expected  to  fully  account  for  all  interaction 
effects,  the  correlation  of  the  data,  which  encompass  a  wide  range  of  lateral- 
directional  modal  characteristics  and  coupling  effects,  is  in  general  quite  good. 

From  Sketch  9  it  can  be  seen  that  the  Level  1  and  2  boundaries  are 
the  same  for  Category  A  Flight  Phases  as  for  Category  C  Flight  Phases;  yet 
comparison  of  Figure  1  (Category  A  Flight  Phase  data)  with  Figure  4  (Category  C 
Flight  Phase  data)  reveals  that  the  Level  1  and  Level  2  boundaries  correspond 
to  different  pilot  ratings  on  the  two  figures.  The  reason  for  this  is  that 
different  pilot  rating  scales  were  used  in  the  two  programs  and  the  degree  of 
goodness  of  the  base  configurations  was  different.  In  Reference  FI,  the  CAL 
rating  scale  was  used  and  the  base  configurations  were  good;  whereas  in 
Reference  G10,  the  Cooper  rating  scale  was  used  and  the  base  configurations 
were  marginally  satisfactory. 

Although  there  are  somewhat  less  data  upon  which  to  base  the  Category 
B  Flight  Phase  boundaries,  what  data  there  are  indicate  that  the  Level  1  and  2 
boundaries  should  be  the  same  shape  as  for  Category  A  and  C  Flight  Phases  and 
should  be  roughly  twice  as  lenient.  Since  *  1  approaches  roll  rate 

reversal,  the  Level  2  requirement  for  "adverse  yaw  due-to-aileron"  has  been 
made  to  correspond  with  the  MIL-F-8785  requirement  which  prohibits  roll  rate 
reversals  during  rudder- free  rolls. 

Examination  of  Figure  3  reveals  that  several  configurations  have  a 
poorer  rating  than  is  indicated  by  their  location  with  respect  to  the  Level  1 
and  Level  2  boundaries.  This  results  from  a  limitation  imposed  by  the  defini¬ 
tion  of  Pose  >  which  is  a  measure  of  the  observed  oscillation  in  roll  rate. 

When  there  is  a  strong  spiral,  the  roll  rate  time  history  may  not  contain 
even  two  peaks  even  though  the  Dutch  roll  has  been  excited.  Also,  for  heavily 
damped,  high-frequency  Dutch  rolls,  the  Dutch  roll  excitation  can  be  essentially 
damped  out  by  the  time  the  roll  mode  has  expired,  so  no  fosc  will  be  measured. 
This  problem  is  partially  overcome  by  requiring  that  f  osc  be  measured  over 
only  the  first  two  peaks  when  >  0.2.  Reference  F75  got  around  this  problem 
by  using  as  the  measure  of  roll  rate  oscillation,  the  component  of  roll  rate 
due  to  Dutch  roll  at  the  first  peak  of  the  Dutch  roll, fj  .  This  parameter 
was  not  used  in  Reference  A1  in  an  effort  to  simplify  analysis  and  testing 
for  the  requirement,  but  has  resulted  in  a  requirement  which  can  be  too  lenient 
for  some  configurations.  Thus,  although  the  requirement  does  not  completely 
cover  all  aspects  of  roll-sideslip  coupling,  it  is  believed  that  it  takes  a 
significant  step  toward  adequate  specification  of  this  area. 


*  V 

*  r 
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Since  almost  no  data  exist  on  strong  roll-sideslip  coupling  with 
negative  dihedral,  it  was  necessary  to  specify  the  negative-dihedral  require¬ 
ment  through  analogy  with  the  positive-dihedral  requirements  previously 
described.  Reference  H8  did  provide  some  data,  however,  which  are  presented 
in  Figure  16  for  comparison  with  the  roll  rate  oscillation  requirement.  The 
program  of  Reference  H8  investigated  lateral-directional  instabilities  relating 
to  the  X- 15 .  In  the  course  of  this  investigation,  configurations  were  simu¬ 
lated  either  in  flight  or  in  a  fixed-base  simulator,  or  in  both,  that  had: 

(a)  Positive  dihedral,  proverse  yaw  due- to- aileron 

(b)  Positive  dihedral,  adverse  yaw  due-to-aileron 

(c)  Negative  dihedral,  proverse  yaw  due-to-aileron 

(d)  Negative  dihedral,  adverse  yaw  due-to-aileron 


These  configurations,  which  all  had  very  light  Dutch  roll  dampin 
-4~\j  response  ratios,  are  plotted  in  Figure  16.  The  parameters  4, 


ng  and 

large  |  -%~\j  response  ratios,  are  plotted  in  Figure  16.  The  parameters  -£.&f  , 
and  were  obtained  from  time  histories  of  the  responses  to  step  aileron 
inputs.  Configuration  (a),  which  falls  well  outside  the  Level  2  boundary  of 
Figure  16,  was  uncontrollable:  "attempts  by  the  pilot  to  control  the  oscillation 
resulted  in  excursions  of  increasing  magnitude  for  both  sideslip  angle  and  the 
roll  rate." 

Configuration  (b) ,  which  also  falls  well  outside  the  Level  2  boundary  of 
Figure  16,  was  unacceptable  because  of  the  oscillatory  response.  "However, 
it  is  significant  that  the  pilot  was  able  to  control  the.  aircraft ,  and,  in 
fact,  damp  the  oscillations  when  they  occurred  using  only  normal  aileron 
control  movements." 


Configuration  (c),  which  falls  in  the  "good"  area  of  Figure  16,  was  controllable 
and  "it  was  found  that  attempts  to  control  the  roll  angle  in  a  normal  manner 
also  helped  to  reduce  the  excursions  of  the  sideslip  angle." 

Configuration  (d) ,  which  falls  in  an  area  of  marginal  acceptability  on  Figure  16, 
was  uncontrollable  because  of  pilot-induced  oscillations. 

Thus,  with  the  possible  exception  of  Configuration  (d) ,  the  pilot 
comments  pertaining  to  the  configurations  were  compatible  with  those  expected 
from  their  roll-sideslip  coupling  characteristics  as  indicated  by  Figure  16. 
Although  Configuration  (d)  was  rated  worse  than  would  be  expected  from  the 
measured  roll-sideslip  coupling  characteristics,  the  fact  that  the  point  fell 
in  the  region  of  Figure  16  where  the  amount  of  allowable  roll  rate  oscillation 
changes  rapidly  with  would  indicate  that  the  flying  qualities  of  the  confi¬ 
guration  are  sensitive  to  small  changes  in  .  For  example,  if  t#  were  only 
30  degrees  greater  (or  if  the  peaks  on  the  time  histories  presented  differed 
by  only  0.2  seconds  from  those  of  the  configuration  flown),  the  roli-sideslip 
coupling  characteristics  as  indicated  by  Figure  16  could  be  completely  compati¬ 
ble  with  the  pilot  comments. 
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There  is  no  quantitative  requirement  for  Level  3  oxcept  u  prohibition 
of  roll  reversal,  for  lack  of  sufficient  data.  While  an  extremely  oscillatory 
roll  response  can  become  unmanageable,  an  airplane  may  still  bn  flyable  in  tho 
small,  gentle  maneuvers  that  might  be  involved  in  emergency  termination  of  a 
Category  A  Flight  Phase,  return,  and  landing  (1.5).  The  qualitative  requirements 
of  3.3.3  and  3.3.2. 1  do  hold  at  Level  3,  with  appropriate  interpretation  of 
"acceptable." 

Comparison  with  Other  Data  and  Criteria 

Although  the  Reference  A1  criteria  were  generated  directly  from  the 
correlation  of  roll  rate  and  sideslip  time  history  characteristics  with  pilot 
ratings,  it  is  possible  to  transform  the  criteria  for  specific  conditions  into 
other  more  familiar  -  but  less  direct  -  formats.  Thus,  in  order  to  look  at  the 
criteria  in  more  familiar  ways  and  in  order  to  compare  them  with  existing  data, 
an  example  of  how  the  lower  two  curves  of  Sketch  10  (Reference  Al,  Figure  4) 
transform  into  areas  of  satisfactory  or  acceptable  zero  locations  on  the  complex 
plane  for  the  />/<*/» s  transfer  function  is  given  in  Figures  17  through  20.  From 
Figures  17  and  18  it  can  be  seen  that  as  increases,  the  areas  of  satis¬ 
factory  and  acceptable  transfer  function  zero  locations  increase.  From 

Figures  17,  19  and  20  it  can  also  be  seen  that  as  increases,  so  do  the 

areas  of  satisfactory  and  acceptable  transfer  function  zero  locations. 

It  should  further  be  noted  that  the  rate  of  increase  of  area  with  is  such 

that  zrffj  at  the  Level  1  and  Level  2  boundaries  remains  relatively  constant 
over  the* frequency  range  investigated. 

tj.  The  Reference  Al  requirements  may  be  compared  with  criteria  in  the  form 
of  by  considering  the  intercept  of  the  Level  1  and  Level  2  boundaries  with 
a  line* drawn  radially  through  the  Dutch  roll  pole.  For  the  cases  with  ^  =  0.1, 

the  Reference  Al  requirements  indicate  that  for  Flight  Phase  Categories  A  and  C, 
Level  1,  0. 8  1  •  1  •  For  Level  2,  0.6  <  *  1.2.  By  comparing  Figures  17 

and  18,  it  can  be  seen  that  the  satisfactory  ana  acceptable  ranges  of^V  would 
be  larger  for  larger  damping  ratios.  These  trends  of  with  ■M's-,, 

and  also  with  ?*e  consistent  with  the  results  of  Reference  F22  for 

moderate  and  large  \^-\aL  response  ratios,  as  presented  in  terms  of  these  param¬ 
eters  in  Figures  21  through  26.  » 

To  illustrate  the  criteria  in  more  physical  terms,  time  histories  from 
the  Level  1  boundary  of  Figure  27  are  presented  in  Figure  28.  The  traces  (T)  - 
(id)  of  Figure  28  correspond  to  transfer- function  zero  locations  as  shown 

in  Figure  27.  From  Figure  28  canbe  seen  how  the  shape  of  the  roll  rate 
response  changes,  through  different  phasing  and  excitation  of  the  Dutch  roll 
mode,  as  the  transfer-function  zero  moves  clockwise  around  the  Dutch  roll 

pole.  Although  the  responses  vary  greatly  in  character,  according  to  available 
data  they  are  all  approximately  equally  acceptable  to. the  pilot. 
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The  criteria  were  also  compared  with  criteria  proposed  In  Reference  F?r>. 
This  report  recommended  that  \fit\  /  At*  0,045  for  satisfactory  flying  qualities, 
|/0,|/A<‘*  0,085  for  acceptable  flying  qualities,  and  4  0.18  for 

controllability,  where  jp;j  /  f>Sj  is  the  ratio  of  the  amplitude  of  the  roll 
oscillation  at  the  first  ovorshoot,  designated  as  |/»f|  >  divided  by  the  steady- 
state  roll  rate,  .  Tills  parameter  is  veiy  similar  to  the  proposed  param¬ 
eter  fnc/fw  for 'lignt  Dutch  roll  damping,  so  a  direct  comparison  can  ho 
made.  The  parameter  fi/Pjj  was  not  used  howevor,  since  data  reduction  problems 
wore  considered  to  be  too  severe. 

Sketch  12  (Figure  8  of  Reference  F75)  is  reproduced  to  indicate  tho 
parameters  and  . 


TIME  -SECONDS 


TYPICAL  RESPONSE  TO  STEP  INPUT  OF  LATERAL  CONTROL 
Sketch  12 

From  Sketch  12,  a  typical  response  in  and^  is  shown  from  which  it 
can  be  determined  that^ij«0  ,  Comparing  the  Reference  F75  criteria  with  the 
Reference  A1  criteria  at££r  =  0°  for  precise  and  maneuvering  tasks  -  the  type 
of  tasks  performed  in  Reference  F75  -  for  the  Level  1  boundary  (satisfactory 
boundary),  f0St/-pA y  =  0.05,  whereas  f f>i\  / fits  ~  0.045.  For  the  Level  2 
boundary  (acceptable  boundary),  Posc/Pav  s  0.10,  whereas \f>\/ =  0.085. 
There  is  no  Level  3  boundary  (controllability  limit);  however,  what  little 
data  there  are  for  ~  0  are  consistent  with  a  \fi\/fss  o.e  0.18.  It  can  thus 
be  seen  that  the  correlation  is  excellent  and,  moreover,  that  the  Reference  A1 
criteria  go  much  farther  than  do  the  Reference  F75  criteria. 

The  data  of  Reference  F21,  which  are  applicable  to  Flight  Phase 
Category  A,  were  also  examined  and  are  presented  in  Figure  29.  The  data  for 
the  i<j  =  0.22  and  0.1  configurations  were  analyzed  and  replotted  in  Figure  30 
in  the  Yp  vs  fo-sc/PfiV  format.  From  Figure  30  it  can  be  seen  that  the  data 
correlate  well  with  the  Reference  A1  criteria.  Although  as  indicated  in 
Figure  31,  the  data  of  Reference  F21  do  not  correlate  very  well  with  the  data 
of  Reference  F75  on  the  basis  of  the  \p1\  /  \’Psj\  parameter,  when  the  phase  angle 
of  the  Dutch  roll  is  accounted  for  as  in  the  Reference  A1  criteria,  the  two 
sets  of  data  correlate  quite  well. 
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FLIGHT  PHASE  CATEGORY  B  DATA  (FROM  REFERENCE  F5) 
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TRANSIENT  RESPONSES  FOR  BB-1  CONFIGURATIONS  (FROM  REFERENCE  FI) 
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Figure  9  (3. 3. 2.2) 

TRANSIENT  RESPONSES  FOR  BB-2  CONFIGURATIONS  (FROM  REFERENCE  FI) 
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Figure  10  (3.3.2.Z) 

TRANSIENT  RESPONSES  FOR  BB-3  CONFIGURATIONS  (FROM  REFERENCE  FI) 
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TRANSIENT  RESPONSES  FOR  BA-2  CONFIGURATIONS  (FROM  REFERENCE  FI) 
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Figure  14  (3. 3. 2.2) 

TRANSIENT  RESPONSES  FOR  BA-2  CONFIGURATIONS  (CONT. ) 
(FROM  REFERENCE  FI) 
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POSITIVE  AND  NEGATIVE  DIHEDRAL  DATA  OF  REFERENCE  H8 
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Figure  17  (3.  3.2.2) 

AREAS  OF  f/fjs  TRANSFER  FUNCTION 
ZERO  LOCATIONS  FOR  FLIGHT  PHASE 
CATEGORIES  A  AND  C 


Figure  18  (3. 3.2.2) 

AREAS  OF^>/^5  TRANSFER  FUNCTION 
ZERO  LOCATIONS  FOR  FLIGHT  PHASE 
CATEGORIES  A  AND  C 
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Figure  19  (3.3.2. 2) 

AREAS  OF  TRANSFER  FUNCTION 

ZERO  LOCATIONS  FOR  FLIGHT  PHASE 
CATEGORIES  A  AND  C 


Figure  20  (3.3. 2.2) 

AREAS  OF  TRANSFER  FUNCTION 

ZERO  LOCATIONS  FOR  FLIGHT  PHASE 
CATEGORIES  A  AND  C 
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NOMINAL  BASE  CONDITION  SYMBOL 


'  CM 

Figure  21  (3. 3. 2.2)  Figure  22  (3.3. 2.2) 

PILOT  RATING  VERSUS  ty/ty  FOR  HIGH  FREQUENCY,  PILOT  RATING  VERSUS CJf/ty  FOR  HIGH  FREQUENCY, 

LOW  DAMPING  DUTCH  ROLL  (FROM  REFERENCE  F22)  MODERATE  DAMPING  DUTCH  ROLL  (FROM  REFERENCE  F22) 


NOMINAL  BASE  CONdTION  SYMBOL  I  tf//9  I  NOMINAL  BASE  CONDITION  fsYMBOL 


Figure  25  (3. 3. 2. 2}  Figure  26  (3. 3. 2. 2.) 

PILOT  RATING  VERSUS  FOR  LOW  FREQUENCY,  PILOT  RATING  VERSUS  ^/cod  FOR  LOW  FREQUENCY, 
MOOERATaY  LOW  DAMPING  DUTCH  ROLL  (FROM  HIGH  DAMPING  DUTCH  ROLL  (FROM  REFERENCE  F22) 
REFERENCE  F22) 


Figure  27  (3. 3.2.2) 

AREAS  OF  pJSAS  TRANSFER  FUNCTION  ZERO  LOCATIONS  FOR  LEVEL  I , 
FLIGHT  PHASE  CATEGORIES  A  AND  C,  SHOWING  CONDITIONS  FOR 
TIME  HISTORIES  OF  FIGURE  28 


Figure  28  (3. 3.2.2) 

ROLL  RATE  TIME  HISTORIES  FOR  ZERO  LOCATIONS  OF  ISO-PILOT  RATINGS  IN  FIGURE  27 


Figure  29  (3. 3. 2. 2) 

PILOT  OPINION  DATA  OBTAINED  IN  THE  FLIGHT  TEST  (CENTER  STICK 
CONTROL):  |  t\/\Vt\  *  0.59.  (FROM  REFERENCE  F21) 

*  nia*rivc 


Figure  30  (3. 3.2.2) 


DATA  FROM  REFERENCE  F2I 


Figure  31  (3, 3. 2. 2) 

COMPARISON  OF  DATA  OF  THE  REF.  F21  STUDY  WITH  RESULTS  OF  REF.  F75 
(CENTER  STICK  CONTROL).  (FROM  REFERENCE  F2! ) 


3.3.2. 3  BANK  ANGLE  OSCILLATIONS 
REQUIREMENT 

3. 3. 2. 3  Bank  angle  oscillations.  The  value  of  the  parameter  /  q gc  /  4 M 
following  a  rudder-pedals-free  impulse  aileron  control  command  shall  be  within 
the  limits  in  figure  5  for  Levels  1  and  2.  The  impulse  shall  be  as  abrupt  as 
practical  within  the  strength  limits  of  the  pilot  and  the  rate  limits  of  the 
aileron  control  system. 


fLIUT  nun 

CATttnY  t 

—  u«u  « 


/  rutur  HUE 
/  CtTtMlil  UC 

►—I - .  UTIL  If 

i—  um  i! 


*  -DO* oSS* W  -!#■  7  -WT]  -!»•  :  -MO 

_ Pa  (DU)  m*  UMiy  Dr  D«*  TO  Ilf;  I  I  i  I 

-HO-  -1M*  -MO’  -I0D*  -MO*  -10*  -00*  -100*  -1*0*  -110* 

^  (ou)  win  f  uuM  or  nr  mwoo  mo*  to  «i* 

Figure  5  BANK  ANGLE  OSCILLATION  LIMITATIONS 


RELATED  MIL-F-8785  PARAGRAPHS 


DISCUSSION 

The  requirements  of  3. 3. 2. 3  are  essentially  the  same  as  those  of 
3. 3. 2.2.1  since,  for  linear  motions,  the  bank  angle  time  history  following  a 
pulse  is  the  same  as  the  roll  rate  time  history  following  a  step.  The 
advantage  of  using  a  pulse,  rather  than  a  step,  is  that  much  larger  airborne 
inputs  may  be  used  since  large  bank  angles  do  not  result,  and  also  may  be 
easier  to  measure  since  the^  trace  will  not  tend  to  ramp. 

Since  ^  for  a  pulse  is  (90  +  sin"1  degrees  more  positive  than 
for  a  step,  the  curves  of  Figure  2  (3. 3.2.2. 1)  have  been  shifted  to  the 
left  90  degrees  plus  an  angle  corresponding  to  J£*  0.1,  The  resulting  curves 
of  Figure  5  (3. 3. 2. 3)  should  be  within  S  degrees  of  the  exact  location  for  all 
damping  ratios  for  which  this  requirement  might  be  critical. 

This  paragraph,  then,  like  3. 3. 2. 2  and  3. 3. 2. 4,  is  an  attempt  to  extend 
the  roll-sideslip  coupling  requirements  to  larger  control  deflections.  It  may 
also  help  account  for  some  flight  control  system  nonlinearities  such  as  stick- 
position-dependent  roll  damping  augmentation. 
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3. 3. 2. 4  SIDESLIP  EXCURSIONS 


3. 3. 2. 4.1  ADDITIONAL  SIDESLIP  REQUIREMENT  FOR  SMALL  INPUTS 
REQUIREMENT 

3. 3.2.4  Sideslip  excursions.  Following  a  rudder-pedals-free  step  aileron 
control  command,  the  ratio  of  the  sideslip  increment,  A/, to  the  parameter  k 
(6.2.6)  shall  be  less  than  the  values  specified  herein.  The  aileron  command 
shall  be  held  fixed  until  the  bank  angle  has  changed  at  least  90  degrees. 


Level 


Flight  Phase 
Cata 


Adverse  Sideslip 
(Right  roll  command 
causes  right  sideslip) 


Proverse  Sideslip 
(Right  roll  command 
causes  left  sideslip) 


RELATED  MIL-F-8785  PARAGRAPHS 


3.4.9 

DISCUSSION 

Basis  for  Sideslip  Requirements 

This  requirement,  which  is  directed  at  precision  of  control,  replaces 
Paragraph  3.4.9  in  MIL-F-878S.  The  requirement  in  MIL-F-8785  states  that  it 
must  be  possible  to  roll  from  45°  of  bank  in  one  direction  through  45°  in  the 
other  direction  -  a  bank  angle  change  of  90®  -  without  the  sideslip  exceeding 
15  degrees.  Rudder  pedals  are  fixed  and  aileron  control  inputs  are  sufficient 
to  meet  the  roll  performance  requirements..  It  also  states  "in  similar  rolls 
with  partial  aileron  deflections,  the  angle  of  sideslip  shall  be  proportional 
to  the  aileron  cockpit  control  deflection."  This  test  is  to  be  performed  in 
the  cruise  configuration  at  1.4  and  in  the  power- approach  configuration 
at  1.4  Ke  .  CR 

SPA 

From  the  meetings  with  aircraft  industry  representatives,  it  became 
apparent  that  there  was  widespread  dissatisfaction  with  this  requirement. 

For  example,  one  representative  stated  that  "Magnitude  of  adverse  yaw  is  not 
adequate  to  ensure  good  handling  qualities.  Task  again  is  an  important  con¬ 
sideration.  Phasing  of  sideslip  angle  during  coordinated  maneuvers  should  be 
investigated  further."  Another  representative  stated  that  "the  requirement 
is  not  right  -  ...  either  15°  of  sideslip  is  too  much  or  else  fi  is  the  wrong 
parameter."  On  the  other  hand,  one  manufacturer  said  that  "10°  of  sideslip 
does  not  mean  anything  for  large  aircraft." 

The  primary  source  of  data  from  which  the  sideslip  requirement  evolved 
is  the  low  (*1.5)  configurations  of  Reference  FI  (Figures  1  through  4). 

The  pilot  comments  associated  with  these  configurations  indicated  that  the 
pilots'  difficulties  were  almost  exclusively  associated  with  sideslip,  rather 
than  with  bank  angle  tracking  as  was  the  case  for  larger  \f^//a\^  (*6)  con¬ 
figurations  . 

Analysis  of  the  data  revealed  that  the  amount  of  sideslip  that  a  pilot 
will  accept  or  tolerate  is  a  strong  function  of  the  phase  angle  of  the  Dutch 
roll  component  of  sideslip.  When  the  phase  angle  is  such  that /i  is  primarily 
adverse,  the  pilot  can  tolerate  quite  a  bit  of  sideslip.  On  the  other  hand, 
when  the  phasing  is  such  that  A  is  primarily  proverse,  the  pilot  can  only 
tolerate  a  small  amount  of  sideslip  because  of  difficulty  of  coordination. 

There  is  more  to  coordination,  however,  than  whether  the  sideslip  is 
adverse  or  proverse;  the  source  and  phasing  of  the  disturbing  yawing  moment 
also  significantly  affect  the  coordination  problem.  If  the  yawing  moment  is 
caused  by  aileron  and  is  in  the  adverse  sense,  then  in  order  to  coordinate 
the  pilot  must  phase  either  right  rudder  with  right  aileron  or  left  rudder 
with  left  aileron.  Since  pilots  find  this  technique  natural  they  can 
generally  coordinate  well  even  if  the  yawing  moment  is  large.  If  on  the 


\ 
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other  hand,  the  yawing  moment  is  in  the  proverse  sense  or  is  caused  by-  roll 
rate,  coordination  is  far  more  difficult.  For  proverse  yaw-due-to-aileron  the 
pilot  must  cross  control;  and  for  either  adverse  or  proverse  yaw-due-to  roll 
rate,  required  rudder  .inputs  must  be  proportional  to  roll  rate.  Pilots  find 
these  techniques  unnatural  and  difficult  to  perform.  Since  yawing  moments 
may  also  be  introduced  by  yaw  rate,  it  can  be  seen  that  depending  on  the 
magnitude  and  sense  of  the  various  yawing  moments,  coordination  may  either  be 
easy  or  extremely  difficult.  If  coordination  is  sufficiently  difficult  that 
pilots  cannot  be  expected  to  coordinate  routinely,  the  flying  qualities  require¬ 
ments  must  restrict  rudder-pedals  free  unwanted  motions  to  a  size  acceptable 
to  pilots. 

Analysis  further  revealed  that  it  was  not  so  much  the  absolute  magni¬ 
tude  of  the  sideslip  that  bothered  the  pilot,  but  rather  the  maximum  change 
occurring  in  sideslip.  The  latter  was  a  better  measure  of  the  amount  of 
coordination  required.  Thus,  the  data  from  this  program  were  plotted  in 
Figure  5  as  the  maximum  change  in  sideslip  occurring  during  a  rudder-pedals- 
fixed  rolling  maneuver,  versus  the  phase  angle  of  the  Dutch  roll 

component  of  sideslip,  f £  . 

The  phase  angle,  t  is  a  measure  of  the  sense  of  the  initial  side¬ 
slip  response,  whether  a<iverse  or  proverse,  while  a  measure  of  the 

amplitude  of  the  sideslip  generated.  Both  the  sense  and  the  amplitude  affect 
the  coordination  problem. 


It  was  observed  from  examination  of  the  low  data  plotted  on 

Figure  5  that  the  break  points  in  curves  of  iso-pilot  rating  occurred  at 
almost  exactly  the  same  values  of  as  for  the  moderate  \///3\^  configurations 
(see  the  discussion  of  Paragraph  3. 3. 2. 2),  even  though  the  degradation  of 
flying  qualities  was  due  to  sideslip  problems  with  the  low  configu¬ 

rations  and  to  bank  angle  problems  with  the  moderate  \S/Aj  configurations. 

Since  the  break  points  were  so  close,  and  since  the  figures  describe  different 
manifestations  of  the  same  phenomena,  the  break  points  were  made  identical  l 

for  both  the  low  \P//\d  configurations  ( 4^»«»vs .  )  and  moderate  I d/A\  ' 

configurations  vs.  £).  *  IWW 

The  sideslip  excursion  criteria  were  thus  presented  in  the  form  shown 
in  Sketch  1, 


A  A 


As  with  the  -pose/ pAy  requirement,  it  can  be  seen  from  Sketch  1  that 
the  specified  value  of  4/S^^yaries  significantly  with  .  Thi:  difference 
is  almost  totally  due  to  the  differences  in  ability  to  coordinate  during  turn 
entries  and  exits.  Since  is  a  direct  indicator  of  the  difficulty  a  pilot 
will  experience  in  coordinating  a  turn  entry,  variation  of  ^/^Aie-with  is 
to  be  expected.  For  -180°*  ^  JZ  -270°,  normal  coordination  may  be  effected, 
that  is,  right  rudder  pedal  for  right  rolls.  Thus,  even  if  large  sideslip 
excursions  occur  in  rudder-pedal-free  rolls  (the  conditions  under  which  the 
ywtests  are  conducted),  when  coordinating  in  the  normal  manner  sideslip 
oscillations  can  be  readily  minimized.  As  varies  from  -270°  to  -360° 
coordination  becomes  increasingly  difficult,  and  in  the  range  -360°~  ^  90° 

cross  controlling  is  required  to  effect  coordination.  Since  pilots  do  not 
normally  cross  control  and,  if  they  must,  have  great  difficulty  in  doing  so, 
for  -360°^  fit  ~  -90°,  oscillations  in  sideslip  either  go  unchecked  or  are 
amplified  by  the  pilot's  efforts  to  coordinate  with  rudder  pedals. 

Although  the  Reference  FI  data  were  orginally  worked  up  in  the  form  of 
A^max/  ft  »  a  f°rm  similar  to  "hat  used  by  References  F72,  F73,  and  F74,  it  was 
decided  to  retain  the  concept  used  in  Paragraph  3.4.9  of  MIL-F-8785  of  relating 
the  amount  of  allowable  sideslips  to  the  roll  performance  requirements.  Through 
this  tie  to  roll  performance  requirements,  the  effect  of  Class  and  some  of  the 
effects  of  Flight  Phase  and  Level  are  taken  into  consideration.  In  the 
Reference  A1  requirements,  this  concept  is  retained  through  the  parameter  "k  ". 

In  MIL-F-8785,  the  amount  of  allowable  sideslip  is  scaled  down  by  the 
ratio  of  the  aileron  deflection  used  in  a  given  test  to  the  aileron  deflection 
needed  to  meet  the  roll  performance  requirements.  This  is  a  good  parameter  to 
use  if  the  roll  performance  requirements  can  be  met  and  if  roll  performance 
varies  linearly  with  aileron  deflection.  To  circumvent  the  problems  that  arise 
if  either  or  both  of  these  conditions  do  not  hold,  the  parameter  " k  "  has  been 
related  to  the  ratio  of  roll  performance  rather  than  to  the  ratio  of  control 
deflection.  Further,  to  avoid  interdependence  of  requirements,  commanded  roll 
performance  in  a  test  is  ratioed  to  the  roll  performance  requirements  of  Table 
IX  so  that  the  sideslip  requirement  can  be  applied  even  if  the  aircraft  does 
not  meet  the  roll  performance  requirements. 

In  certain  cases.  Reference  A1  allows  use  of  rudder  pedals  to  meet  the 
roll  performance  requirement.  It  is  rational  to  determine  "commanded  roll 
performance"  and  k  with  the  same  rudder  pedal  use.  But  note  that  the  rudder 
pedals  cannot  be  used  in  testing  for  sideslip  excursions.  For  example,  take 
Class  II,  Category  A,  Level  1.  From  Table  IX,  reouir'e.-ment'-  45°  in  1.4  sec. 
With  1/4  aileron  and  just  enough  rudder  pedal  to  counteract  adverse  yaw, 

(fy)  cb-m-ma-nd.  ~  sec  (from  flight-test  results),  so  -f  =  15/45  0.333. 

That  value  of  k  is  used  in  determining  compliance  with  3. 3. 2. 4.1  during  rudder- 
pedals-free  rolls.  Other  examples  are  given  in  6.2.6. 

To  transform  the  Reference  FI  data  into  terms  of  A/S^^as  presented 
in  Figure  5  rather  than  & ,  the  data  were  multiplied  by  the  required 
for  the  aircraft  type  (Class  IV)  and  Flight  Phase  Category  (A),  which  is  ^  z 
60  degrees  in  1  second. 


Comparing  these  curves  with  the  MIL-F-8785  adverse  yaw  requirement  of 
A  ~  15°,  it  can  be  seen  that  for  Level  2  operation,  the  adverse  yaw  require¬ 
ment  is  identical.  However,  the  figure  shows  that  for  Level  1  operation  or 
for  airplanes  exhibiting  proverse  yaw,  the  allowable  sideslip  is  considerably 
less. 


In  determining  the  Flight  Category  C  requirements,  data  were  examined 
from  References  F72,  F73,  B96  and  B91 ,  and  from  current  aircraft.  From  these 
data,  it  was  concluded  that  for  airplanes  exhibiting  adverse  yaw  characteristics, 
satisfactory  ratings  could  be  obtained  with  up  to  10°  of  sideslip,  and  accept¬ 
able  ratings  could  be  obtained  with  up  to  15°  of  sideslip.  Based  on  this,  the 
Level  1  boundary  for  Flight  Phase  Category  C  was  scaled  up  from  the  Level  1 
boundary  for  Flight  Phase  Category  A  as  shown  in  Figure  6  of  Reference  Al. 

To  check  the  validity  of  the  requirements  for  Flight  Phase  Category 
C,  as  they  relate  to  ,  the  Level  1  and  2  boundaries  were  compared  with  the 
low  \f/A\ei  data  of  References  G10  and  Gil  (Figure  6).  The  boundaries  were 
transformed  into  the  form  from,  ^Amox/tt  by  use  of  the  ^  appropriate 

to  Flight  Phase  Category  C,  that  is,^  =  30  degrees  in  1  second.  It  can  be 
seen  from  Figure  6  that  the  criteria  are  consistent  with  the  available  data.  * 

It  should  be  noted  that  whereas  the  data  of  Figure  5  (and  7)  are  based  on  the  •* 

CAL  pilot  rating  scale,  the  data  of  Figure  6  are  based  on  the  Cooper  scale. 

Thus  Level  2  for  Figure  5  (and  7)  is  at  PR  6.5,  whereas  Level  2  for  Figure  6 
is  at  PR  *  5 . 

To  determine  the  requirements  for  Flight  Phase  Category  B,  the  data  * 

of  Reference  F22  were  examined.  The  data  (Figure  7)  were  transformed  from 
the  form  &A *n**/6  to  AA^rajt^>y  use  of  the  believed  to  be  appropriate  to  the 

entry  mission.  A  value  of  ff/  *  30  degrees  in  1  second  was  selected.  From 
Figure  7  it  can  be  seen  that  the  data  are  consistent  with  the  curves  selected 
for  Category  C  Flight  Phases. 

* 

The  preceding  discussion  presents  the  rationale  and  the  data  which 
support  the  requirement  of  3-.  3. 2. 4.1.  As  with  the  roll  rate  requirements  of 
3. 3. 2. 2.1,  the  sideslip  requirements  of  3.3. 2.4.1  are  applicable  for  small 
inputs  only.  In  order  to  be  able  to  test  for  large  control  inputs,  an 
additional  but  more  lenient  requirement  (3. 3. 2. 4)  similar  to  that  stated  in 
MIL-F-8785  has  been  specified.  In  this  way  the  more  comprehensive  requirement 
of  3. 3. 2. 4.1  on  sideslip  limitations  can  be  incorporated  without  losing  the 
ability  to  flight  test  for  compliance  with  large  control  inputs.  Also,  as 
in  3. 3. 2. 2,  it  might  have  been  desirable  to  include  larger-amplitude  rolls. 

This  was  not  done  for  the  reason  discussed  under  3. 3. 2. 2. 

There  is  no  quantitative  Level  3  requirement.  Here  also  the  rationale 
presented  in  the  discussion  of  3. 3. 2. 2  applies. 
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Effect  of  Lateral  Acceleration 


Although  the  sideslip  requirements  are  not  a  function  of  speed,  they 
will  only  be  limiting  at  low  speed.  At  high  speed,  parameters  such  as  side 
force  and  side  acceleration  will  more  probably  limit  the  amount  of  sideslip 
that  can  be  generated.  To  gain  some  insight  on  this  area,  the  sideslip  and 
side  acceleration  characteristics  of  eight  current  aircraft  were  examined 
and  are  presented  in  Figure  8.  From  this  figure  it  can  be  seen  that  the 
amount  of  sideslip  generated,  following  a  step  aileron  input  of  sufficient 
size  to  meet  the  roll  performance  requirements,  is  such  that  the  maximum 
lateral  acceleration  at  the  center  of  gravity  is  generally  less  than  0.2  g's. 

No  experimental  data  were  found  that  pertained  directly  to  this  area; 
however,  References  F53,  F37,  M49  and  F76  investigated  the  effect  of  side 
accelerations  in  connection  with  investigation  of  Dutch  roll  dynamics  on 
flying  qualities. 

Reference  F53  reports  an  investigation  of  lateral  acceleration  at  the 
pilot's  head  (due  to  lateral,  rolling  and  yawing  accelerations  of  the  aircraft) 
for  Dutch  roll  periods  between  1  and  4  seconds.  An  amplitude  of  acceleration 
of  +  0.02g  was  sometimes  perceptible  to  the  pilot.  An  amplitude  of  ±0.025g 
was  always  perceptible  but  was  considered  unsatisfactory  for  a  long  flight., 
while  an  amplitude  of  ±0.08g  was  considered  very  unsatisfactory  for  any 
mission  this  (fighter)  aircraft  might  perform. 

Reference  F37  reports  the  ability  of  pilots  to  tolerate  oscillatory 
lateral  acceleration  to  which  they  were  exposed  during  automatically  controlled 
fighter  intercepts.  Since  these  runs  were  of  fairly  short  duration  and  the 
pilot  acted  primarily  as  an  observer,  the  results  presented  in  Figure  9  differ 
somewhat  from  those  of  Reference  F53. 

For  Reference  M49,  the  safety  pilot  induced  constant -amplitude  rolling 
oscillations  at  various  frequencies  while  a  subject  pilot  rated  the  accept¬ 
ability  of  the  resulting  motions,  taking  "into  account  the  degree  of  which  the 
condition  would  interfere  with  their  normal  (fighter)  aircrew  duties."  The 
results  of  this  program  are  presented  in  Figure  10  in  terms  of  lateral  accel¬ 
eration  at  the  pilot's  head  versus  frequency. 

Reference  F76  is  unable  to  correlate  lateral  acceleration  with  pilot 
rating  in  a  program  investigating  the  effects  of  various  Dutch  roll  dynamic 
characteristics  on  flying  qualities,  in  which  ^  ,  |^/^j^and 

were  varied  over  wide  ranges.  Reference  F76  concludes: 

"The  difficulty  with  the  acceleration  calculations  is 
believed  to  be  that  the  acceleration  calculated  above 
is  not  what  the  pilot  feels.  He  is  not  a  rigid  body, 
and  he  is  not  rigidly  attached  to  the  airframe.  The 
nature  of  his  anatomy  and  of  his  attachment  to  the 
airplane  are  such  that  he  receives  some  feel  through 
his  feet,  hands,  and  back,  but  primarily  through  his 
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ischial  tuberosities  (his  two  seat  bones),  which  are 
in  effect  attached  to  the  airframe  through  relatively 
heavy  vertical  springs,  and  through  relatively  light 
transverse  springs.  He  thus  gets  most  of  his  feel 
through  vertical  forces,  and  couples,  on  his  ischia. 

If  the  restraints  were  idealized  to  zero  lateral  re¬ 
straint,  he  still  would  feel  the  moment  about  his  own 
body  axis,  as  the  reacting  couple  of  his  ischia, 
independent  of  height.  The  problem  is  further  compli¬ 
cated  inasmuch  as  the  pilot's  reaction  to  the  Dutch 
roll  oscillation  must  be  by  sight  as  well  as  by  feel." 

Reference  F76  also  points  out  that  phasing  of  the  Dutch  roll  (phase 
angle  between  f>  and )  greatly  affects  the  magnitude  of  lateral  acceleration 
felt  by  the  pilot,  changing  it  by  a  factor  of  4  or  5  in  addition  to  affecting 
how  "natural"  or  "unnatural"  the  motion  feels. 

The  data  of  Reference  F.80  (Figures  11-14)  were  also  examined  for  the 
F-86  and  F-84  airplanes  performing  typical  fighter  maneuvers.  By  comparing 
Figures  11  and  12  with  Figures  13  and  14,  it.  can  be  seen  that  although  the 
amount  of  sideslip  generated  fell  off  rapidly  as  speed  increased,  the  amount 
of  side  acceleration  generated  was  relatively  constant,  with  peak  values  of 
approximately  0.3  g's. 

From  these  observations,  it  can  be  seen  that  even  if  lateral  accel¬ 
eration  is  an  important  independent  flying  qualities  parameter,  not  enough 
research  has  been  performed  to  formulate  a  requirement  on  lateral  acceleration 
at  this  time.  Further  research  is  being  performed,  however,  to  try  and 
assess  the  influence  of  lateral  acceleration  on  allowable  roll-sideslp 
coupling  and  acceptable  Dutch  roll  characteristics. 
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Figure  4  (3. 3. 2. 4) 

TRANSIENT  RESPONSES  FOR  AB-3  CONFIGURATIONS  (FROM 
REFERENCE  FI) 
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FLIGHT  PHASE  CATEGORY  A  DATA  FROM  REFERENCE  F22 
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LATERAL  ACCELERATION  OF  EIGHT  CURRENT  AIRCRAFT  FOLLOWING  A  STEP  AILERON  INPUT 
Y  OF  SUFFICIENT  MAGNITUDE  TO  MEET  THE  REFERENCE  A)  ROLL  PERFORMANCE  REQUIREMENTS 
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DISTRIBUTION  OF  DATA  POINTS  CONCERNING  TOLERABLE  OR  INTOLERABLE 
LATERAL  ACCELERA1 IONS  DUE  TO  OSCILLATORY  ROLLING  MOTIONS. 
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SUBJECTIVE  TOLERANCE  TO  OSCILLATORY  MOTION  IN  ROLL. 
(FROM  REFERENCE  M49) 


286 


J 


COMPARISON  OF  TEST  RESULTS  FOR  THE  F-86A  COWARISON  OF  TEST  RESULTS  FOR  THE  F-M 

AIRPLANE  WITH  MAXIMUM  CALCULATED  VALUES  AIRPLANE  WITH  MAXIMUM  CALCULATED  VALUES 

OF  SIDESLIP  DURING  FISHTAIL  AND  ROLLING  OF  SIDESLIP  DURING  FISHTAIL  MANEUVERS 

PULL-OUT  MANEUVERS  (FROM  REFERENCE  B80)  (FROM  REFERENCE  B80) 
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3. 3.2.5  CONTROL  OF  SIDESLIP  IN  ROLLS 


REQUIREMENT 

3. 3. 2. 5  Control  of  sideslip  in  rolls.  In  the  rolling  maneuvers  described  in 
3.3.4,  but  with  the  rudder  pedals  used  for  coordination  for  all  Classes, 
directional-control  effectiveness  shall  be  adequate  to  maintain  zero  sideslip 
with  a  rudder  pedal  force  not  greater  than  50  pounds  for  Class  IV  airplanes 
in  Flight  Phase  Category  A,  Level  1,  and  100  pounds  for  all  other  combinations 
of  Class,  Flight  Phase  Category,  and  Level. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.4.14 

DISCUSSION 

This  paragraph,  like  Paragraph  3.4.14  in  MIL-F-8785,  is  aimed  at  en¬ 
suring  that  full  coordination  can  be  achieved  during  rapid  turn  entries  with 
reasonable  rudder-pedal  forces.  The  allowable  rudder-pedal  forces  have  been 
reduced  from  180  pounds  to  the  specified  values  since  180  pounds  was  considered 
to  be  excessive,  particularly  for  Class  IV  airplanes.  Since  the  rudder-pedal 
deflections  can  be  rather  intricate,  the  requirement  is  stated  in  terms  of 
control  effectiveness  rather  than  a  demonstration  in  which  the  pilot  keeps 
zero  sideslip. 


3. 3. 2. 6  TURN  COORDINATION 


REQUIREMENT 

3. 3. 2. 6  Turn  coordination.  It  shall  be  possible  to  maintain  steady  coordinated 
turns  in  either  direction,  using  60  degrees  of  bank  for  Class  IV  airplanes,  45 
degrees  of  bank  for  Class  I  and  II  airplanes,  and  30  degrees  of  bank  for 
Class  III  airplanes,  with  a  rudder  pedal  force  not  exceeding  40  pounds.  It 
shall  be  possible  to  perform  steady  turns  at  the  same  bank  angles  with  rudder 
pedals  free,  with  an  aileron  stick  force  not  exceeding  5  pounds  or  an  aileron 
wheel  force  not  exceeding  10  pounds.  These  requirements  constitute  Levels  1 
and  2  with  the  airplane  trimmed  for  wings-level  straight  flight. 

RELATED  MIL-F-8785  PARAGRAPHS 

None. 

DISCUSSION 

This  requirement  is  new  a.>d  was  introduced  as  a  result  of  recommen¬ 
dations  received  during  meetings  with  industry. 

The  objective  of  the  requirement  is  to  ensure  that  only  modest  rudder 
pedal  forces  are  required  when  performing  coordinated  turns  and  only  modest 
aileron  control  forces  are  required  when  rudder  pedals  not  used.  The 
steepness  of  the  turn  is  a  function  of  airplane  Class  C\>  correspond  with 
normal  operational  use. 

As  mentioned  in  the  discussion  of  3. 3. 1.3,  there  is  a  close  tie 
between  turn  coordination  and  spiral  stability. 
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3.3.3  LATERAL-DIRECTIONAL  PILOT- INDUCED  OSCILLATIONS 
REQUIREMENT 

3.3.3  Pi lot- induced  oscillations.  There  shall  be  no  tendency  for  sustained 
or  uncontrollable  lateral -directional  oscillations  resulting  from  efforts  of 
the  pilot  to  control  the  airplane. 

RELATED  MIL-F-8785  PARAGRAPHS 

None . 

DISCUSSION 

This  paragraph  has  been  added  on  the  recommendation  of  Reference  A2. 

It  is  very  similar  to  the  requirement  of  Paragraph  3. 3. 5. 2  in  the  Longitudinal 
section  of  MIL-F-8785.  The  requirement  applies  to  all  levels  since  zero  or 
negative  closed-loop  damping  are  to  be  avoided  under  any  flight  condition  or 
failure  state. 


\ 


f 

£ 

i 


291 


3.3.4  ROLL  CONTROL  EFFECTIVENESS 


3. 3. 4.1  ROLL  PERFORMANCE  FOR  CLASS  IV  AIRPLANES 
REQUIREMENT 

5.3.4  Roll  control  effectiveness.  Roll  performance  in  terms  of  bank  angle 
change  in  a  given  time,  ^  ,  is  specified  in  table  IX  and  in  3.3.4. 1.  Aileron 
control  commands  shall  be  initiated  from  zero  roll  rate  in  the  form  of  abrupt 
inputs,  with  time  measured  from  the  initiation  of  control-force  application. 
Rudder  pedals  shall  remain  free  for  Class  IV  airplanes  for  Level  1,  and  for 
all  carrier-based  airplanes  in  Category  C  Flight  Phases  for  Levels  1  and  2; 
but  otherwise,  rudder  pedals  may  be  used  to  reduce  sideslip  that  retards 
roll  rate  (not  to  produce  sideslip  that  augments  roll  rate)  if  rudder  pedal 
inputs  are  simple,  easily  coordinated  with  aileron- control  inputs,  and 
consistent  with  piloting  techniques  for  the  airplane  Class  and  mission.  Roll 
control  shall  be  sufficiently  effective  to  balance  the  airplane  in  roll 
throughout  the  Seivice  Flight  Envelope  ^n  the  atmospheric  disturbances  of 
3.7.3  and  3.7.4. 

3. 3. 4.1  Roll  performance  for  Class  IV  airplanes.  Additional  or  alternate 
roll  performance  requirements  are  specified  for  Class  IV  airplanes  in  3. 3. 4. 1.1 
through  3. 3.4. 1.4.  These  requirements  take  precedence  over  table  IX. 

3. 3. 4. 1.1  Air-to-air  combat.  For  Class  IV  airplanes  in  Flight  Phase  CO,  the 
roll  performance  requirements  are: 


Time  to  roll  through 
90  degrees  360  degrees 

a.  Level  1----------  1.0  second  2.8  seconds 

b.  Level  2---------  -'1.3  seconds  3.3  seconds 

c.  Level  3----------  1.7  seconds  4.4  seconds 


3.3.4. 1.2  Ground  attack  with  external  stores.  The  roll  performance  require¬ 
ments  for  Class  IV  airplanes  in  Flight  Phase  GA  with  large  complements  of 
external  stores  may  be  relaxed  from  those  specified  in  table  IX,  subject  to 
approval  by  the  procuring  activity.  For  any  external  loading  specified  in  the 
contract,  however,  the  roll  performance  shall  not  be  less  than: 

a.  Level  1----------90  degrees  in  1.7  seconds 

b.  Level  2--  --------  90  degrees  in  2.6  seconds 

c.  Level  3----------  90  degrees  in  3.4  seconds. 
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For  any  asymmetric  loading  specified  in  the  contract,  aileron  control  power 
shall  be  sufficient  to  hold  the  wings  level  at  the  maximum  load  factors 
specified  in  3. 2. 3. 2  in  the  atmospheric  disturbances  of  3.7.3. 

3. 3. 4. 1.3  Roll  rate  characteristics  for  ground  attack.  Class  IV  airplanes 
in  Flight  Phase  GA  shall  be  able  to  roll  through  180  degrees  in  not  more 
than  twice  the  time  to  roll  through  90  degrees.  This  requirement  specifies 
Level  1  with  the  rudder  pedals  remaining  free  throughout  the  maneuver  and 
Levels  2  and  3  with  the  rudder  pedals  employed  to  reduce  sideslip  in  the 
manner  described  in  3.3.4. 

3. 3. 4. 1.4  Roll  response.  Stick-controlled  Class  IV  airplanes  in  Category 
A  Flight  Phases  shall  have  a  roll  response  to  aileron  control  force  not 
greater  than  15  degrees  in  1  second  per  pound  for  Level  1,  and  not  greater 
than  25  degrees  in  1  second  per  pound  for  Level  2.  For  Category  C  Flight 
Phases,  the  roll  sensitivity  shall  be  not  greater  than  7.5  degrees  in  1  second 
per  pound  for  Level  1,  and  not  greater  than  12.5  degrees  in  1  second  per 
pound  for  Level  2.  In  case  of  conflict  between  the  requirements  of  3. 3. 4. 1.4 
and  3. 3. 4. 2,  the  requirements  of  3. 3. 4. 1.4  shall  govern. 


MIL-F-8785B 

TABLE  IX.  Roll  Performance  Requirements 


Plight 

Phase 

Class 

Category 

Level 

i 

Level 

2 

Level 

3 

A 

4 

00* 

in 

1.3 

soc 

4 

60* 

in 

1.7 

sec 

4 

60* 

in 

2.6 

sec 

I 

B 

4 

60* 

in 

1.7 

sec 

4 

60* 

in 

2.5 

sec 

4 

60" 

in 

3.4 

see 

c* 

4 

30* 

in 

1.3 

soc 

* 

30* 

in 

1.8 

sec 

4 

30* 

in 

2.6 

sec 

! ! 

A 

4 

45" 

in 

1.4 

sec 

4 

45* 

in 

1.9 

sec 

4 

45* 

in 

2.8 

sec 

1 1 

B 

4 

45* 

in 

1.9 

sec 

4 

45* 

in 

2.8 

see 

4 

45* 

in 

3.8 

sec 

I  l-L 

c' 

4 

30" 

in 

1.8 

sec 

*, 

30* 

in 

2.5 

sec 

4 

30* 

In 

3.6 

sec 

INC 

c* 

4 

2S* 

in 

1.0 

sec 

4 

25* 

in 

1.5 

sec 

4 

25* 

in 

2.0 

sec 

A 

4 

* 

30* 

in 

1.5 

sec 

4 

30* 

in 

2.0 

sec 

4 

30* 

in 

3.0 

sec 

III 

B 

4 

30" 

in 

2.0 

sec 

4 

30* 

in 

3.0 

sec 

4 

30" 

in 

4.0 

sec 

c* 

4 

30* 

in 

2.5 

sec 

4 

30* 

in 

3.2 

sec 

4 

30* 

in 

4.0 

sec 

• 

A 

4 

90* 

in 

1.3 

sec 

4 

90* 

in 

1.7 

sec 

4 

9U* 

in 

2.6 

sec 

IV 

B 

4 

90" 

in 

1.7 

sec 

4 

90* 

in 

2.5 

sec 

4 

90* 

in 

3.4 

sec 

»:♦ 

4 

30" 

in 

1.0 

sec 

4 

30* 

in 

1.3 

sec 

Jl 

30* 

in 

2.0 

■- 

*  fcxcept  as  the  requirements  are  modified  in  5.3.4. 1 


t  For  takeoff,  the  required  bank  an|le  can  be  reduced  proportional  to  the 
ratio  of  the  maximum  rolling  moment  of  Inertia  for  the  maximum  authorized 
landing  weight  to  the  rolling  moewnt  of  inertia  at  takeoff,  but  the 
Level  1  requirement  (hall  not  be  roduced  below  the  listed  value  for 
Level  3. 

••At  altitudes  below  20,000  feet  at  the  high-speed  boundary  of  the 
Service  Flight  Lnvelopc,  the  Level  3  requirements  may  be  substituted 
for  the  Level  2  requirements  with  all  syatems  functioning  normally. 
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RELATED  MIL-F-878S  PARAGRAPHS 


3.4.16,  3.4.16.1,  3.4.16.7,  3.7.5 
DISCUSSION 
General 


Roll  control  effectiveness  determines  the  maneuverability  of  an  air¬ 
plane  in  roll,  analogous  to  the  way  in  which  limit  load  factor  or  elevator 
effectiveness  determines  the  maneuverability  of  an  airplane  in  pitch.  It 
is  thus  a  parameter  of  fundamental  importance. 

The  roll  performance  requirements  of  MIL-F-878S  are  stated  in  terms 
of  average  pb/zv ,  peak  fb/zV,  fblz.  ,  bank  angle  in  one  second  and  steady- 
state  roll  rate.  Aircraft  industry  representatives  voiced  a  great  deal  of 
dissatisfaction  with  the  existing  lateral  control  requirements,  particularly 
with  the  parameter p b/2V  ,  and  suggested  that  a  complete  revision  was  in 
order.  They  also  expressed  dissatisfaction  with  the  large  number  of  parameters 
that  is  currently  used,  in  addition  to  those  listed  above,  to  specify  roll 
performance.  According  to  Reference  G5, 

"A  new  criterion  for  lateral  control  power  should  be  determined 
which  would  ideally  be  applicable  to  both  large  and  small 
airplanes,  to  both  slow  and  fast  airplanes,  and  to  both 
conventional  and  unconventional  airplane  configurations." 

A  difficulty  in  attempting  to  specify  rational,  realistic  roll  per¬ 
formance  requirements  in  this  general  specification  is  that  roll  performance 
is  probably  more  closely  related  to  airplane  type  and  mission  than  is  any 
other  characteristic.  A  detailed  analysis  revealed  that  there  should 
logically  be  far  more  sets  of  roll  performance  requirements  than  there  are 
adequate  data  to  support.  A  great  deal  of  weight  has  therefore  been  placed 
on  relationships  between  roll  performance  required  to  maneuver  and  to  counter 
the  response  to  atmospheric  disturbances,  and  on  those  aspects  of  the  MIL-F-8785 
roll  performance  requirements  that  did  stand  the  test  cf  time. 

The  characteristics  of  a  large  number  of  current  aircraft  were  examined 
(References  PI  to  P52) .  Where  sufficient  data  were  found,  the  roll  performance 
characteristics  of  an  airplane  were  related  to  its  acceptability  in  performing 
its  operational  missions.  The  roll  characteristics  were  also  compared  to  the 
applicable  MIL-F-8785  requirement  and  to  the  applicable  requirement  of 
Reference  Al,  The  results  of  this  study  are  presented  in  Appendix  VD.  The 
study  showed  that  although  the  pb/zV  requirements  are  adequate  for  conventional 
propeller -driven  aircraft,  they  are  too  stringent  for  high-speed  or  small-wing¬ 
span  airplanes,  and  are  too  lenient  for  low-speed  or  large-wing-span  airplanes. 
The  study  also  strongly  supports  the  roll  performance  requirements  of  Reference 
Al  even  though  current  aircraft  have,  in  general,  slightly  poorer  roll  perform¬ 
ance  capabilities  than  will  be  required  by  Reference  Al. 


In  Reference  F8,  it  wa->  concluded  from  an  extensive  survey  of  roll 
flying  qualities  that,  "For  combat  and  cruise  conditions,  the  pilot  opinion 
aspects  of  roll  performance  are  most  accurately  and  conveniently  measured  in 
terms  of  the  bank  angle  achievable  in  a  given  time  in  response  to  an  abrupt 
full  aileron  (stick)  input."  In  keeping  with  this  concept,  for  fighter  air¬ 
craft  in  combat.  Reference  F8  uses  the  parameter  (bank  angle  in  1  sec), 
and  for  heavy  bombers  or  transports  in  cruise  uses  the  parameter  (bank 
angle  in  2  sec).  For  all  airplanes  in  approach  and  landing.  Reference  F8 
uses  steady  roll  rate  to  cover  maneuvering  requirements,  and  the  parameter^*, 
(time  to  roll  through  30°)  as  the  most  practical  parameter  to  cover  the  gust 
recovery  aspects.  Reference  A14  (see  Figure  1)  has  incorporated  similar  ideas 
into  a  proposed  requirement  for  fighter  aircraft  in  which  steady  roll  rate 
is  plotted  against  %  for  power  and  combat  configurations. 

In  revising  the  roll  performance  section  of  the  specification,  the 
main  objectives  were  to  select  parameters  that  were  direct  and  meaningful 
to  the  pilot,  and  that  most  precisely  defined  the  physical  situation  appro¬ 
priate  to  the  aircraft  type  and  Flight  Phase  Category.  Although  no  single 
parameter  was  found  to  be  adequate  to  specify  requirements  for  the  large 
combination  of  aircraft  types  and  flight  phases,  the  number  of  parameters 
which  have  to  be  considered  has  been  minimized.  Roll  performance  requirements 
have  been  specified  in  terms  of  time  to  bank  to  characteristic  bank  angles, 
as  a  function  of  airplane  Class  and  Flight  Phase  Category.  In  this  way  the 
same  type  of  parameter  can  be  used  throughout,  yet  each  parameter  can  be 
tailored  to  the  basic  maneuverability  characteristics.  The  selected  bank 
angles  for  up-and-away  flight  (Flight  Phase  Categories  A  and  B)  and  landing 
approach  (Flight  Phase  Category  C)  are  indicated  below. 


Although  the  parameter  is  used  throughout-  this  discussion,  for 
practical  considerations  the  parameter  is  used  in  Reference  A1  for  spec¬ 
ifying  roll  performance  requirements.  Not  only  is  the  numerical  value  of  <pt 
proportional  to  roll  performance  (whereas  is  inversely  proportional  to 
roll  performance),  but  when  roll-sideslip  coupling  affects  the  bank  angle 
time  history,  the  bank  angle  achieved  in  a  specified  time  is  a  more  meaningful 
measure  of  roll  performance  than  is  the  time  to  reach  a  specified  bank  angle. 

In  Reference  B80  (Figures  2-5),  a  study  was  made  of  the  actual  rates 
and  amounts  of  control  motion  used  by  service  pilots  while  performing  squadron 
operational  training  missions  with  fighter  aircraft.  From  the  data  it  can 
be  seen  that  of  the  three  performance  parameters  f*>/ty  ,  fm,,,  and  r  »  ,  the 


values  of  the  parameter  * vo*  that  were  available  and  that  were  achieved  re¬ 
mained  far  more  constant  over  most  of  the  speed  range  than  did  those  of  pbjzv 
or  fyrtax  •  Since  in  general  the  available  performance  as  measured  by  .  *^5*  was 
greater  than  the  achieved  performance,  this  would  indicate  that  for  those 
aircraft  performing  that  role,  the  pilots  desired  a  given  value  of 
Since  the  achieved  values  of  were  in  general  between  1  and  2  seconds, 
the  parameter  would  also  be  descriptive  of  the  physical  situation  and  would 
also  be  a  valid  parameter  to  use.  On  the  other  hand,  for  large  aircraft 
which  have  longer  maneuver  times,  performance  during  the  first  second  is  not 
as  critical,  so  their  roll  performance  requirements  should  more  properly  be 
based  on  a  longer  period  of  time.  Thus,  by  basing  individual  airplane  Class 
requirements  on  a  realistic  physical  situation,  the  chance  of  specifying  a 
poor  requirement  is  reduced. 

Further  indication  of  the  merits  of  t p  or  parameters  can  be  obtained 
from  examination  of  the  data  and  iso-rating  curves  of  Reference  F30  for 
fighter  airplanes  (Figures  6-8).  The  curves  of  constant  pilot  rating  of 
Figure  8  were  more  closely  approximated  Jby  curves  of  t  or  ^  than  by  curves 
of  .  On  the  other  hand,  curves  of  very  poor  pilot  rating,  where  the  pilot 
was  in  danger  of  losing  control  of  the  aircraft  and  where  maneuvering  would  be 
expected  to  be  restricted,  are  more  closely  approximated  by  curves  of  constant 
time  to  30  degrees. 

An  approach  sometimes  taken  is  to  specify  roll  performance  as  a  function 
of  such  parameters  as  or  /»ss  versus  .  However,  for  non  one- 

degree-of- freedom  rolling  motions  where  the  Dutch  roll  and  roll  mode  are 
coupled,  the  roll  performance  can  vary  widely  from  that  indicated  by  a  point 
or  curve  on  the  /'<*■«,  or  />ss  versus  plot.  This  can  be  seen,  for 

example,  in  the  roll  rate  time  histories  presented  in  Figure  27  of  the  dis¬ 
cussion  of  Paragraph  3. 3. 2. 2;  all  time  histories  have  the  same  values  of 
t-'Safa.  and  Vr,  .  Thus  a  direct  requirement  on  desired  performance  is  not  only 
simplerf  but  more  precise. 

The  range  of  load  factors  over  which  all  requirements  apply  (3.1.7, 
3.1.8)  is  from  nQ(-)  to  nQ(+)  or  from  n(-)  to  n(+);  but  commonly  demonstration 
is  at  lg.  AFFTC  pilots  recommend  that  the  roll  requirements  apply  up  to  2/3 
or  3/4  nL,  at  least  for  Class  IV  airplanes  (in  rolling  pullouts,  the  MIL-A-8861 
structural  limit  is  0.8  nL).  But  a  few  apparently  satisfactory  operational 
airplanes  do  employ  elevons,  with  reduced  roll -control  authority  at  aft  stick 
positions.  However,  no  systematic  study  seems  to  have  been  made.  For  lack 
of  sufficient  data,  we  have  left  the  matter  open  in  this  paragraph  of  the 
general  specification.  Of  course,  when  bank-to-bank  maneuvers  are  used  for 
flight  demonstration,  moderate  load  factors  up  to  1.4  (for  90°  total  change 
in  bank  angle)  will  be  involved.  Certain  tactics  require  high  roll  control 
capability  at  njfl:  for  example,  rolling  onto  a  ground  target  from  a  pop-up 
maneuver  or  avoiding  an  obstacle  during  a  pull-up  from  a  ground-attack  run. 

Discussion  of  the  quantitative  criteria  specified  in  Table  IX  and 
3. 4. 4.1  of  Reference  A1  is  given  in  the  following  sections  by  airplane  Class. 

To  aid  in  correlating  data,  plots  of  initial  roll  acceleration  versus  i'R 
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were  prepared,  which  shows  lines  of  constant  steady  roll  rate  following  a 
step  aileron  input  based  on  a  one-degree-of-freedom  rolling  motion,  that  is, 
fsjs  r*  •  Curves  of  constant  ft,  ,  ffoo  ,  ,  and  were 

calculated  from  the  equation  ^  2^  [?  -  ZR(1-  e~  and  were  superimposed 

on  these  plots  based  on  a  0.2-second  aileron  ramp  input  for  Class  I  and  IV 
airplanes,  a  0,4-second  aileron  ramp  input  .for  Class  II  airplanes,  and 
a  0.6-second  aileron  ramp  input  for  Class  III  airplanes.  The  effect  of  the 
ramps  was  calculated  by  inserting  step  inputs  at  one  half  the  ramp  time. 

These  ramps  were  selected  to  at  least  partially  take  into  account  flight 
control  system  effects  when  comparing  data  which  use  different  parameters. 

The  roll  performance  and  roll  damping  requirements  are  presented  in  graphical 
form  in  Figures  9,  10,  11  and  12  for  Class  I,  II,  III  and  IV  airplanes, 
respectively.  The  Flight  Phase  Categories  and  Levels  are  denoted  by  the 
symbols  Aj,  A2,  B]_,  C1  ant*  c2* 

Requirements  for  Class  IV  Airplanes 

Flight  Phases  Categories  A  and  B 

Comments  from  industry  pertaining  to  roll  performance  requirements 
indicated  that,  in  their  opinion,  the  present  requirement  of  =  90°  is  too 
high.  Two  manufacturers  specifically  recommended  a  value  of  ^  =  60°,  and 
several  manufacturers  stated  that  even  /,  =  60°  was  higher  than  was  needed 
for  ground  attack  or  than  could  be  obtained  with  many  present  day  fighters 
when  carrying  a  large  load  of  external  stores.  Reference  F8  concluded  that, 
"For  fighter  airplanes  in  combat  condition,  ...  0,  greater  than  about  50° 
appears  to  be  a  reasonably  well  supported  requirement  from  both  the  standpoint 
of  pilot  rating  and  usable  maneuvering  capability."  The  Reference  F30  data 
(Figure  13)  indicate  that  »  100°  is  considered  optimum,  but  that  *  40° 

to  50°  is  still  rated  as  satisfactory.  From  consideration  of  the  Reference  F30 
data  and  from  the  requirements  in  MIL-F-8785,  Reference  A14  (Figure  14)  pro¬ 
posed  a  lower  limit  equivalent  to  -  40°  and  an  upper  limit  equivalent  to 
-  90°.  Finally,  Reference  B80  (Figure  5)  shows  that  fighter  pilots  utilize 
's  as  great  as  90°  over  at  least  portions  of  the  flight  envelope,  and 
Reference  F31  (Figure  15)  shows  that,  at  least  for  the  F-100,  pilots  require 
far  greater  roll  acceleration  and  roll  rate  capability  in  performing  aerial 
combat  maneuvers  than  in  carrying  out  air-to-ground  gunnery  and  bombing. 

Consideration  of  these  factors  and  of  the  fact  that  fighter  aircraft 
normally  operate  over  a  wide  speed  range,  carry  a  great  variety  of  external 
stores,  and  perform  many  different  tasks,  dictates  that  the  roll  performance 
requirements  for  Class  IV  airplanes  must  be  flexible.  This  flexibility  is 
achieved  through  the  application  of  Flight  Phase  Categories  and  Levels,  and 
through  special  requirements  directed  at  ground  attack  with  external  stores 
and  at  air-to-air  combat. 

A  bank  angle  of  60  degrees  in  one  second  (/^r  =  60°)  was  selected  as 
the  basic  Flight  Phase  Category  A,  Level  1  requirement.  Since,  as  explained 
previously,  requirements  for  Class  IV  airplanes  in  up-and-away  flight  are  to 
be  expressed  in  terms  of  rolling  maneuvers  through  90  degrees,  the  roll  per- 
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fomance  requirement  as  obtained  from  Figure  12  is  $t  -  90  degrees  in  1.3 
seconds.  It  should  be  noted  that,  since  this  requirement  must  be  met  through- 
.  out  the  Operational  Flight  Envelope,  in  general  greater  roll  performance  than 
■  90  degrees  in  1*  second  may  be  achieved  when  not  operating  near  the  limits 
of  the  Operational  Flight  Envelope  (Figure  5) . 

Maneuverability  is  extremely  important  in  fighter  airplanes  and,  as  we 
have  seen,  most  critical  for  air-to-air  combat.  The  fighter  pilots  who  were 
queried  were  strongly  in  favor  of  keeping  the  -  90°  requirement  for  that 
case.  Therefore,  to  ensure  that  fighters  in  air-to-air  combat  have  the  roll 
^.performance  capability  that  experience  shows  is  required,  requirements 

directed  specifically  at  the  CO  Flight  Phase  have  been  specified  in  3. 3. 4. 1.1. 
These  require  that  during  a  360  degree  roll  the  airplane  be  able  to  roll 
through  the  first  90  degrees  in: 

(a)  for  Level  1:  1  second  (/,  =  90°)  and  average  150  degrees  per 

second  through  the  remaining  270  degrees, 

(b)  for  Level  2;  1.3  seconds  (^*  60°)  and  average  135  degrees 

per  second  through  the  remaining  270  degrees,  and 

(c)  for  Level  3:  1.7  seconds  (  fij  *  40°)  and  average  100  degrees 

per  second  through  the  remaining  270  degrees . 

The  requirements  at  90°  are  to  prevent  undue  interference  of  roll  limiters 
or  roll-sideslip  coupling  with  rolling  performance.  It  appears  that  360°  rolls 
are  actually  used  in  air-to-air  combat. 

Many  factors  were  considered  in  determining  the  Level  2  requirements. 

In  MIL-F-8785  the  roll  performance  requirements  for  operation  on  the  alternate 
control  system  are,  in  general,  half  the  requirements  for  normal  operation. 

In  Reference  F30,  (Figure  13)  the  Cooper  rating  5  curve  corresponds  to  about 
50%  of  the  roll  performance  of  the  Cooper  rating  3.5  curve.  Since,  as  ex¬ 
plained  previously,  these  Cooper  ratings  roughly  correspond  to  the  Level  2  and 
Level  1  boundaries  respectively,  the  factor  of  two  is  again  evident.  Using 
this  as  a  criterion,  the  Level  2  requirement  for  Flight  Phase  Category  A 
would  be  half  the  Level  1  requirement,  or  ^  =  30  degrees.  Other  factors, 
though,  must  be  considered. 

Under  the  concept  used  in  Reference  Al,  there  are  conditions  under 
which  the  requirement  of  -  90  degrees  in  1.3  seconds  would  not  have  to  be 
met,  even  if  all  systems  were  functioning  normally  and  the  aircraft  were  in 
up-and-away  flight:  (1)  in  a  B  Category  Flight  Phase,  or  (2)  outside  the 
Operational  Flight  Envelope  but  within  the  Service  Flight  Envelope.  To  ensure 
that,  regardless  of  planned  missions  or  usage  a  fighter  aircraft  will  always 
be  able  to  perform  fighter  missions  throughout  its  Service  Envelope,  the 
Flight  Phase  Category  A,  Level  2  requirements  have  been  made  the  same  as  the 
Flight  Phase  Category  B,  Level  1  requirements,  and  both  are  somewhat  more 
stringent  than  would  be  required  if  the  sole  criterion  were  that  the  flying 
qualities  be  acceptable  in  the  event  of  a  probable,  but  infrequent,  emergency.  • 
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Thus  the  problem  reduces  to  determination  of  the  minimum  flying 
qualities  required  to  perform  any  fighter  mission  adequately.  Several  reports. 
References  F27,  F32  and  F38,  which  were  directed  specifically  at  this  area, 
were  examined.  These  reports,  which  are  discussed  on  pp.  27-29  of  Reference  F8, 
indicate  that  surprisingly  low  roil  performance  is  required  for  most  fighter 
missions.  From  consideration  cf  all  these  factors,  the  value  proposed  by 
Reference  A14  of  =  40°  was  selected  as  the  basis  for  the  Flight  Phase 
Category  B,  Level  1  requirement  and  the  Flight  Phase  Category  A,  Level  2 
requirement.  From  Figure  12,  the  equivalent  value  in  terms  of  rolling  maneuvers 
through  90  degrees  is  ^  -  90°  in  1.7  seconds. 

ft  =  90  degrees  in  1.7  seconds  was  also  used  as  the  basic  roll  perform¬ 
ance  requirement  for  the  ground  attack  flight  phase  with  large  complements  of 
external  stores  (3. 3. 4. 1.2).  This  relaxation  is  proposed  in  deference  to  the 
severe  design  problem  with  large  rolling  moments  of  inertia,  since  available 
data  and  discussions  with  pilots  tend  to  support  some  relaxation  from  the 
ft  =  90  degrees  in  1.3  second  requirement.  Further,  since  asymmetric  store 
loadings  both  intentional  and  as  a  result  of  failures,  are  a  fact  of  life,  the 
requirement  that  the  pilot  be  able  to  hold  the  wings  level  while  pulling 
"g"  is  a  reasonable  and  necessary  requirement.  In  3. 3. 4. 1.3  roll  rate  require¬ 
ments  for  ground  attack  have  been  specified  to  ensure  that  the  airplane  can 
roll  effectively  through  the  large  (180  degrees)  bank  angles  involved  in  that 
Flight  Phase. 

The  reduction  in  flying  qualities  in  going  from  Level  1  to  Level  2  for 
Flight  Phase  Category  B  was  made  about  the  same  as  going  from  Level  1  to 
Level  2  for  Flight  Phase  Category  A.  This  resulted  in  a  requirement  of  f  -  90° 
in  2.5  seconds  for  Flight  Phase  Category  B,  Level  2.  * 

From  Reference  F30,  (Figure  13),  a  Cooper  rating  of  6.5  corresponds 
roughly  with  a  steady  roll  rate  of  15  deg/sec.  The  curve  almost  exactly 
corresponds  to  a  t so«  -  2.6  seconds  curve.  Since,  as  discussed  previously, 
a  Cooper  rating  of  7  was  selected  as  the  Level  3  criterion,  a  requirement 
of  =  20  degrees  in  3  seconds,  which  corresponds  roughly  to  a  steady-state 
roll  rate  of  12  deg/sec,  is  indicated  as  the  Level  3  requirement  from  these 
data.  Operational  personnel  considered  this  limited  roll  capability  to  be 
far  too  low  to  actually  retain  control  in  many  present-day  missions.  The 
Level  3  requirements  are  therefore  more  stringent  than  is  indicated  by  the 
Reference  F30  data.  They  were  selected  instead  to  require  approximately 
half  the  rolling  moment  required  for  Level  2. 

No  maximum  roll  performance  limit  has  been  specified.  Although  the 
data  of  Reference  F30  (Figures  6-8)  indicate  that  an  upper  limit  exists,  it 
is  believed  that  the  degradation  in  flying  qualities  is  caused  by  over¬ 
sensitivity  rather  than  too  much  control  power.  Requirements  on  sensitivity 
to  cover  this  condition  have  been  specified  in  Paragraphs  3, 3. 4. 1.4  and  3.3.4. 2 
of  Reference  A1  (see  the  discussion  cf  3.3.4. 2). 
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Flight  Phase  Category  C 


The  requirement  of  MIL-F-8785  specifies  average  pijzV  =0.05  for  the 
first  30  degrees  of  bank.  For  an  airplane  with  b  =  35  ft  and  V  =  200  fps, 
f  *  33° /sec  for  the  first  30°.  Thus  <?*.  *  30  degrees  in  1  second. 

V 

In  Reference  G10  (Figure  16),  which  reports  on  lateral-directional 
flying  qualities  for  the  power  approach,  -  30  degrees  was  required  to 

achieve  a  Cooper  rating  of  3.5  -  4.0  and  =  20  degrees  was  required  to 

achieve  a  Cooper  ratir.g  of  5.0  -  5.5.  These  ratings  correspond  to  Level  1  and 
Level  2,  respectively. 

In  Reference  G5  (Figure  17),  another  in-flight  program  using  fighter 
aircraft  in  the  landing  approach,  it  was  found  that  for  all  carrier-based 
aircraft,  «  20°  was  required  to  obtain  performance  between  marginal  and 
uns  at  is  factory.  "Marginal"  was  defined  as  "barely  enough  response  to  pick 
up  a  wing  with  no  control  to  spare,"  and  unsatisfactory  was  defined  as  "in¬ 
sufficient  response  to  pick  up  a  wing  consistently  to  assure  a  safe  landing." 
This  ties  in  well  with  what  is  required  for  Level  3  flying  qualities. 

Reference  G5  recommends  this  minimum  requirement  for  land-based  fighter 
airplanes  as  well,  but  lacks  supporting  data. 

The  values  of  ft  *  30°  and  ^  =  20°  have  thus  been  selected  as  the  basis 
for  the  Flight  Phase  Category  C  requirements.  As  previously  discussed, 
rolling  maneuvers  through  30  degrees  were  selected  to  express  Flight  Phase 
Category  C  requirements,  so  the  requirements  as  obtained  from  Figure  12  are: 
ft  ■  30  degrees  in  1  second  and  f*  *  30  degrees  in  1.3  seconds  fcr  Level  1 
and  Level  2,  respectively.  e 

As  for  the  A  and  B  Category  Flight  Phases,  the  Level  3  requirements 
were  selected  to  provide  approximately  half  the  rolling  acceleration  provided 
by  the  Level  2  requirements. 

Requirements  for  Class  III  airplanes 

Flight  Phase  Categories  A  and  B 

In  discussing  required  characteristics  of  large  airplanes,  Reference  F8 
concludes:  "For  heavy  bombers  or  transports  in  cruise,  bank  angle  in  two 
seconds, ^  ,  greater  than  about  25°  -  30°  for  normal  loadings  seem  to  be 
indicated  by  the  little  available  data  (Table  II)"  -  see  Figure  18.  Since  the 
condition  described  pertains  to  Flight  Phase  Category  B,  and  since  no  conflict¬ 
ing  data  have  been  uncovered,  f^  =  30  degrees  in  2.0  seconds  was  selected  as 
the  Flight  Phase  Category  B,  Level  1  requirement. 

Little  data  were  found  that  pertained  to  requirements  for  Category  A 
Flight  Phases,  such  as  high-speed,  low-level  flight.  However,  one  manufacturer 
of  large  aircraft  suggested  a  value  of  =  30°  for  this  situation.  In 
Reference  F27  (Figures  19-21),  the  problem  of  terrain  and  collision  avoidance 
is  examined,  and  from  Figures  19,  20  and  21  it  can  be  seen  that  the  point  of 
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liminishing  return  on  roll  performance  is  at  lower  values  of  average  roll  rate 
for  lower  normal-acceleration  capability.  While  this  study  indicates  that 
avorago  roll  rates  up  to  60  deg/sec  would  still  provide  significant  improvement 
in  avoidanco  capability  for  maneuvers  initiated  at  short  range,  the  resulting 
requirement  could  possibly  be  unrealistic.  If  pAy  »  30  deg/sec  is  selected 
as  a  value  that  provides  reasonable  payoff  for  a  2g  avoidance  maneuver,  the 
corresponding  roll  performance  in  terms  of  time  to  30°,  assuming  ^  ^  ■  60°  and 
-  1  second,  is  approximately  cjc*m  1.5  seconds.  For  lack  of  more  definite 
data,  and  since  1.5  second  would  make  the  A  and  B  Flight  Phase  Category 

requirements  for  Class  III  airplanes  in  the  same  ratio  as  was  found  necessary 
for  Class  IV  airplanes,  ■  30  degrees  in  1.5  seconds  was  selected  as  the 
Flight  Phase  Category  A,  Level  1  requirement. 

As  with  Class  IV  airplanes,  it  was  felt  advisable  to  make  the  Flight 
Phase  Category  A,  Level  2  requirements  the  same  as  the  Flight  Phase  Category 
B,  Level  1  requirements;  so  far  Flight  Phase  Category  A,  Level  2,  »  30 

degrees  in  2.0  seconds  was  selected. 

For  Flight  Phase  Category  B,  Level  2,  the  MIL-F-878S  approach  of  j 

halving  requirements  was  used,  giving  a  =  30  degrees  in  3.0  seconds  for  j 

this  condition.  Level  3  requirements  are  approximately  half  the  corresponding  j 

Level  2  requirements. 

.  i 

Flight  Phase  Category  C 

In  the  last  few  years,  considerable  data  pertaining  to  roll  performance 
requirements  for  large  aircraft  in  the  landing  approach  have  been  generated. 

References  C2  and  C7  report  on  in-flight  and  fixed-base  evaluation  studies  and 
Reference  B39  presents  pertinent  data  for  21  large  aircraft.. 

Reference  C2  (Figures  22-24)  concluded  that  from  4  to  5  degrees  in 
1  second  is  satisfactory.  Although  there  is  considerable  scatter,  the  data 
indicate  that  ^  *  2  to  3  degrees  in  1  second  is  required  for  acceptable 
flying  qualities. 

Reference  C7  (Figure  25)  shows  that  with  a  maximum  whjel  throw  of  +60 
degrees  (the  value  specified  in  Reference  Al),  a  Cooper  rating  of  3.5 
corresponds  to  -  4.5  degrees  in  1  second,  while  a  Cooper  rating  of  5 

corresponds  to  ~  2.0  degrees  in  1  second.  These  Cooper  ratings  correspond 

to  Level  1  and  Level  2  flying  qualities  respectively.  When  the  data  of 
Figure  26  (also  from  Reference  C7)  are  examined,  however,  it  can  be  seen  that 
more  control  power  is  required  to  achieve  a  given  level  of  flying  qualities 
in  the  presence  of  atmospheric  disturbances.  The  data  indicate  that,  for  the 
level  of  atmospheric  disturbance  simulated  in  this  program,  *  6  degrees  in 
1  second  is  required  for  Level  1  and  a  ^  *  4  degrees  in  1  second  is  required 
for  Level  2.  The  results  from  the  programs  of  Reference  C2  and  C7  are 
presented  in  Figure  29  at  their  respective  values  of  . 

The  boundaries  proposed  by  Reference  B39  (Figures  27  and  28)  are  also 
presented  in  this  figure.  The  presentation  is  valid  since  the  input  aileron 
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ramp  time  assumed  on  the  figure  (0.6  seconds)  is  almost  the  same  asthe  ramp 
time  assumed  by  Reference  B39  (0,5  soconds).  The  upper  boundary  is  drawn 
between  ratings  of  marginal  and  unacceptable.  The  definitions  of  the  terms 
as  used  in  the  Reference  B39  study  (see  p.  17  of  Reference  B39)  suggest 
that  the  upper  boundary  corresponds  more  closely  with  Level  2  than  Level  1 
flying  qualities,  while  the  lower  boundary  closely  corresponds  to  Level  3 
flying  qualities. 

Interpreting  the  data  presented  in  Figure  29  in  terms  of  the  philosophy 
discussed  in  "Interpretation  of  Pilot  Rating  Data,"  ^  *  30  degrees  in  2.5 
seconds  was  selected  as  the  Level  1  criterion,  ft.  a  30  degrees  in  3.2  seconds 
was  selected  as  the  Level  2  criterion,  and  ^  a  30  degrees  in  4  seconds  was 
selected  as  the  Level  3  criterion. 

This  criterion  is  consistent  with  the  conclusions  reached  in  Reference 
F8  that:  "For  large  airplanes  on  approach,  the  most  accurate  and  convenient 
metric,  generally  descriptive  of  pilot  desires,  is  the  time  required  to  roll 
through  V ,  ,  following  an  abrupt  maximum  aileron  (wheel  or  stick)  input. 

The  data  available  indicated  that  values  of  greater  than  about  3  to  3.5 
sec  are  unacceptable,"  and  that  "Large-airplane  approach  maneuvering  require¬ 
ments  seem  to  demand  minimum  steady  roll  rates,  ft,  greater  than  about  12°  - 
15°/sec."  Comparison  of  the  selected  criterion  with  that  of  Reference  F8 
(shown  as  a  crosshatched  area  in  Figure  29)  shows  that  the  selected  Level  2 
criteria  generally  lie  within  the  acceptable/unacceptable  band  of  Reference  F8. 

Although  available  data  indicate  that  different  requirements  should 
apply  to  large  than  to  small  aircraft  for  the  landing  approach,  it  may  be 
questioned  why  this  should  be  so.  Should  not  the  requirements  be  the  same 
when  the  aircraft  are  doing  the  same  thing? 

There  are  at  least  two  reasons  why  they  should  not  be  expected  to  be 
the  same:  one  is  the  differing  response  to  atmospheric  disturbances  and  the 
other  is  tactics.  The  type  of  approach  and  landing  pattern  that  the  specifi¬ 
cation  must  allow  for  is  far  different  for  fighters  than  for  transports.  It 
must  be  anticipated  that  fighters  will  employ  flat  breaks  or  battle  breaks, 
whereas  transports  will  normally  make  straight-in  approaches  or  employ 
rectangular  patterns.  Also,  since  fighters  often  take  off  and  land  in 
formation,  provision  must  be  made  for  hitting  severe  jet  wash.  This,  coupled 
with  the  fact  that  the  response  to  a  given  level  of  atmospheric  disturbances 
will  normally  be  more  severe  for  fighters  than  for  transports,  dictates  that 
fighters  have  greater  available  roll  power  in  the  landing  approach  than  do 
transports . 

Requirements  for  Class  I  and  II  airplanes 

Since  there  are  very  little  research  data  pertaining  directly  to  these 
classes  of  airplanes,  the  approach  taken  in  defining  requirements  is  based  on 
general  basic  differences  in  size,  maneuverability  and  response  to  atmospheric 
disturbances  of  the  four  classes  of  airplanes. 
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,  Historically  and  rationally,  maneuverability  in  roll  has  been  related  j 

to  maneuverability  in  pitch:  six-g  airplanes  have  far  greater  roll  performance 
than  two-g  airplanes.  From  examination  of  structural  specifications  (listed 
in  Section  6.8  of  Reference  Al),  it  was  observed  that  in  general,  limit  load 
factors  required  for  basic  missions  associated  with  Cluss  IV  airplares  wore 
high  und  that  limit  load  factors  required  for  basic  missions  associated  with 
Class  III  airplanos  were  relatively  low.  Further,  limit  load  factors  for  basic 
missions  associated  with  Class  I  and  II  airplanes  were  generally  intermediate 
to  those  of  Class  III  and  IV  airplanes,  with  basic  missions  associated  with 
Class  1  airplanos  generally  requiring  higher  load  factors  than  basic  missions 
associated  with  Class  II  airplanes.  Thus,  on  the  basis  of  maneuverability, 
roll  performance  capability  (from  greatest  to  least)  should  be  in  the  order  of  ; 

Class  IV,  I,  II  and  III.  This  order  is  consistent  with  MIL-F-8785  and  is 
further  justified  when  response  to  atmospheric  disturbances  is  considered, 
since  response  to  atmospheric  disturbances  is  generally  greatest  for  Class  I 
and  IV  airplanes  and  is  progressively  less  for  larger,  higher  moment  of  1 

inertia  uirplanes,  that  is,  Class  II  and  III  airplanes.  j 

Thus,  on  the  basis  of  maneuverability  requirement  and  response  to 
atmospheric  disturbances,  it  was  decided  that  Class  I  and  II  roll  response  ; 

requirements  should  be  between  those  of  Class  III  and  Class  IV  airplanes. 

This  approach  is  supported  by  Reference  F8  in  analyzing  roll  performance  |" 

requirements  for  airplanes  intermediate  in  size  between  fighters  and  heavy  >j 

bombers  or  transports.  Reference  F8  states  that  for  intermediate  airplane 
types: 

"a.  In  cruise  conditions  'satisfactory'  values  of  p0 

steadily  diminish  in  going  from  light  trainers  j 

(T-37A  through  T-39)  to  small  utility  transports 
(MAC- 1 19A)  to  medium  bombers  (B-66B)  or 
fighter-bombers  (F-105B). 

b.  In  appro  ch  conditions  the  data  are  too  sparse 
to  show  trends  but  it  appears  that  values  of 
intermediate  to  those  for  fighters  and  heavy 
bombers  are  permissible.  For  example,  the 
B-66B  with  -f>0  and  ft  almost  identical  to  the 
F-101A,  but  with  a  ( 1.7,  is  rated  excellent, 
whereas  the  F-101A  with  a  t3»  of  1.3  is  rated 
satisfactory." 

Since  so  little  data  on  Class  I  and  II  airplanes  are  available, 
quantitative  requirements  were  obtained  by  selecting  Class  I  and  II  roll 
performance  requirements  such  that  roll  performance  increases  in  equal  multiples 
in  going  from  Class  III,  to  Class  II,  to  Class  I,  to  Class  IV  airplanes.  These 
values  were  then  checked  against  what  data  are  available  to  obtain  at  least 
*  <■  partial  verification. 
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Some  data  on  Class  I  and  small  Class  II  airplanes  were  obtained  from 
Reference  B96.  In  data  presented  in  Figure  30,  it  could  be  determined  that 
the  airplane  the  report  describes  as  being  sluggish  had  a  fit  of  approximately 
17  degrees  in  the  landing  approach.  The  report  states  that  "for  satisfactory 
handling  qualities,  airplanes  of  this  class  should  produce  helix  angles  on 
the  order  of  0.07  radian,  ...”  Assuming  representative  wing  spans,  approach 
speeds  and  roll  mode  time  constants,  this  transforms  to  *  20  degrees.  A  ^ 
of  20  degrees  checks  almost  exactly  with  the  selected  value  of  =  30  degrees 
in  1.3  seconds  for  Flight  Phase  Category  C,  Level  1  for  Class  I  airplanes. 

The  Class  I,  Flight  Phase  Category  A  and  B  requirements  also  look  consistent 
with  a  {>b/zv  *  0.07  requirement,  even  if  minimum  operational  speeds  are  con¬ 
sidered  to  be  quite  low. 

In  Appendix  VD,  the  roll  performance  characteristics  of  thirteen 
Class  II  airplanes  are  discussed.  These  data  generally  strongly  support  the 
specified  roll  performance  requirements  for  Class  II  airplanes. 

Takeoff 

The  roll  performance  requirements  for  takeoff  are  relaxed  from  the 
Flight  Phase  Category  C  requirements  as  a  function  of  the  rolling  moment  of 
inertia.  A  relaxation  is  possible  since  normally  there  is  less  lateral- 
directional  maneuvering  at  takeoff  than  during  an  approach.  Moreover,  a 
relaxation  is  desirable  since  a  given  /Sjj.  requirement  may  be  difficult  to  meet 
at  high  takeoff  gross  weights  and  rolling  moments  of  inertia.  On  the  other 
hand,  since  at  high  inertias  gust  response  is  less  than  at  low  inertias,  it 
is  possible  to  reduce  the  specified  Flight  Phase  Category  C  requirements 
proportional  to  the  ratio  of  rolling  moments  of  inertia,  while  retaining 
roughly  the  same  gust  recovery  capability. 

Roll  Response 

The  roll  response  requirements  for  Class  IV  airplanes  are  discussed 
in  Section  3. 3. 4. 2,  Aileron  control  forces. 

Balancing  Rolling  Moments 

The  statement  in  3.3.4  on  balancing  rolling  moments  i  necessary 
catch-all  requirement.  By  incorporating  specific  atmospheric  . :sturbances 
it  gives  increased  assurance  of  controllability  in  severe  turbulence  and 
discrete  gusts. 
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40**  O  Operational  maneuver'  □  StoU  or  spin  ^  Take-off  or  lending 


Indicated  Qirepeed,V(, knots 

Figure  2  (3.3.4) 

COMPARISON  OF  TEST  RESULTS  WITH  MAXIMUM  UP  OR  DOWN  AILERON 
ANGLES  OBTAINABLE  IN  ABRUPT  AILERON  ROLLS  (FROM  REFERENCE  B80) 


Figure  3  (3.3.4) 

COMPARISON  OF  TEST  RESULTS  WITH  MAXIMUM  WING-TIP  HELIX 
ANGLES  OBTAINABLE  IN  ABRUPT  AILERON  ROLLS  (FROM  REFERENCE  B80) 
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Indicated  airspeed, V  >not» 


Figure  4  (3.3.4) 

COMPARISON  OF  TEST  RESULTS  WITH  MAXIMUM  ROLLING  VELOCITIES 
OBTAINABLE  IN  ABRUPT  AILERON  ROLLS  (FROM  REFERENCE  B80) 


<r> 


"Operational  maneuver*  and  Stoll* 


Figure  5  (3.  3.4) 

COMPARISON  OF  TEST  RESULTS  WITH  CALCULATED  MiNIMtIM  TIMES  TO 
ROLL  90°  IN  ABRUPT  AILERON  ROLLS  AT  SEA  LEVEL  (FROM  REFERENCE  B80) 
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(a)  Rolling  acceleration. 


Air  c-TXac  maneuvers 
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(b)  Rolling  velocity. 


Figure  15  (3.3.4) 

SUMMARY  OF  AIRPLANE  ROLL  CHARACTERISTICS  BOUNDARIES  AS  A  FUNCTION 
OF  EQUIVALENT  AIRSPEED  FOR  ALL  MANEUVERS.  (FROM  REFERENCE  F31) 
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Figure  16  (3.3.4) 

COMPARISON  OF  PRINCETON  DATA  WITH  LATERAL  CONTROL  DATA  OF 
REFERENCES  A14,  A17  AND  G5.  (FROM  REFERENCE  G10) 
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O  HIGHEST  MARGINAL  RATINGS 
□  HIGHEST  UNSATISFACTORY  RATINGS 


WING  SPAN  ■  FT 

Figure  17  (3.3.4) 

RANGE  OF  MARGINAL  RATINGS  AT  APPROACH  AIRSPEED 
(CARRIER-BASED  AIRPLANES).  (FROM  REFERENCE  G5) 
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Figure  18  (3.3.4) 

FULL  AILERON  ROLL  PERFORMANCE  OF  USAF  AIRPLANES  (FROM  REFERENCE  F8) 


#,•  Ml 

Figure  22  (3.3.4) 


LATERAL-DIRECTIONAL  EVALUATION  —  PILOT  A,  EFFECT  OF  RATINGS  INCLUDE 
LONGITUDINAL  CHARACTERISTICS  (FROM  REFERENCE  C2) 
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Figure  23  (3.3.4) 

LATERAL-DIRECTIONAL  EVALUATION  —  PILOT  B,  EFFECT  OF  RATINGS  INCLUDE 
LONGITUDINAL  CHARACTERISTICS  (FROM  REFERENCE  C2) 
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LATERAL-DIRECTIONAL  EVALUATION  —  PILOT  C,  EFFECT  OF  RATINGS  INCLUDE 
LONGITUDINAL  CHARACTERISTICS  (FROM  REFERENCE  C2) 
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Figure  30  (3. 3.^) 

TIME  HISTORIES  OF  ABRUPT  RUDDER-FIXED  AILERON  ROLLS 
APPROACH  CONFIGURATION.  (FROM  REFERENCE  B96) 


3.  ;>.•».  J  A I  I.IiRUN  CONTROI.  FORCES 


RliQIII  Rl'MIiNT 

3. 3.4.  2  Aileron  control  forces.  The  stick  or  wheel  force  required  to  obtain 
the  roll  inn  performance  speciFTed  in  3.3.4  and  3.3.4. 1  shall  be  neither 
greater  than  the  maximum  in  table  X  nor  less  than  the  breakout,  force  plus: 

a.  I.evel  1  --  one- fourth  the  values  in  table  X 

b.  bevel  2  onc-cighth  the  values  in  table  X 

c.  bevel  3  --  zero 


TABbE  X.  Maximum  Aileron  Control  Force 


l.evel 

Class 

Flight  Phase 
Category 

Maximum 
Stick  Force 
(lb) 

Maximum 
Wheel  Force 
(lb) 

1 

I>  II-C,  IV 

A, 

B 

20 

40 

C 

20 

20 

II-b,  III 

A, 

B 

25 

50 

C 

25 

25 

2 

I,  II-C,  IV 

A, 

B 

30 

60 

C 

20 

20 

I I-L,  III 

A, 

B 

30 

60 

C 

30 

30 

3 

All 

All 

35 

70 

RlibATHb  MIb-F-8785  PARAGRAPHS 
3.4.16.3,  3.7.5 
DISCUSSION 
Maximum  Forces 


The  maximum  stick  and  wheel  forces  specified 
MIb-F-8785,  in  terms  of  the  airplane  Classes  defined 
fol lows : 


in  3.4. 16.3  of 
in  Reference  Al, 


are  as 
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Class  I:  25-lb  stick  force  or  50-lb  wheel  force 

Classes  II  and  III:  25-lb  stick  force  or  50-lb  wheel  force 

Class  IV:  20-lb  stick  force  or  40-lb  wheel  force 

Classes  II-C  and  IV-C  in  landing  configuration:  20-lb  stick  force 

or  20-lb  wheel  force. 

The  maximum  stick  and  wheel  forces  specified  in  3.7.5  of  MIL-F-8785 
for  control  on  the  alternate  system  are  as  follows: 

All  classes:  30- lb  stick  force  or  60-lb  wheel  force,  with  the 
exception  that  in  the  landing  configuration  the  maximum  for  Class  II-C  and 
IV  is  20-lb  stick  force  or  20-lb  wheel  force. 

The  maximum  stick  and  wheel  forces  for  Levels  1  and  2  of  Reference  A1 
have  been  mapped  directly  from  MIL-F-8785  into  Table  X  with  the  following 
three  exceptions: 

(1)  In  MIL-F-8785,  land-based  Class  IV  airplanes  with  wheel 
controllers  in  the  landing  configuration  were  allowed  20-lb 
force  when  operating  on  the  alternate  system  and  40- lb  force 
when  operating  normally;  in  Reference  A1  they  are  restricted 
to  20-lb  force  for  both  Level  1  and  Level  2  operation. 

4  * 

(2)  Since  it  is  anticipated  that,  in  general.  Class  I  airplanes  ■»  * 

will  be  utilized  in  missions  where  they  will  be  required  to 

maneuver  considerably  in  roll,  the  maximum  forces  have  been 
made  the  same  as  those  specified  for  Class  II-C  and  IV 
airplanes,  rather  than  the  same  for  Class  II-L  and  III  as  -  - 

is  done  in  MIL-F-8785. 

(3)  To  permit  one-han,ded  operation  in  the  landing  approach, 
maximum  forces  for  all  classes  for  Flight  Phase  Category  C 
are  30  lb  or  less. 

The  recommended  maximum  stick  force  for  Level  3  is  the  same  as  that 
required  for  spin  recovery,  and  is  consistent  with  physiological  data  presented 
in  Reference  B20.  The  maximum  wheel  force  retains  the  ratio  of  2:1  between 
wheels  and  sticks  that  is  used  throughout  MIL-F-8785. 
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Minimum  Forces  (Roll  response  sensitivity)* 


The  minimum  stick  and  wheel  force  requirements  and  the  roll  response 
requirements  of  3.3.4. 1.4,  which  are  really  roll  response  sensitivity  require¬ 
ments,  replace  the  requirement  in  paragraph  3.4.16.3  of  MIL-F-8785  which  states: 
"At  0.8  V ^  ,  the  peak  lateral  control  force  required  to  obtain  the  rolling 
performance  specified  in  Table  VI  shall  not  be  less  than  half  the  above 
values."  The  Reference  Al  minimum  force  requirements  are  far  more  lenient 
(and  it  is  believed  far  more  realistic)  than  the  MIL-F-8785  requirements. 

In  specifying  sensitivity  requirements,  a  decision  had  to  be  made 
whether  to  specify  it  in  terms  of  aileron  control  force  or  displacement. 
Reference  F8  studied  this  question  but  found  no  data  that  clearly  resolved  the 
problem.  Although  undoubtedly  both  force  and  displacement  cues  are  important 
to  the  pilot,  recent  experimental  data  indicate  that  sensitivity  in  terms  of 
force  (at  least  for  stick  controllers)  is  of  more  significance  than  sensitivity 
in  terms  of  displacement . 

To  determine  minimum  stick  forces,  the  results  of  five  experimental 
programs  employing  stick  controlled  aircraft  or  simulators  were  examined: 
Reference  FI,  Reference  F33,  Reference  G10,  Reference  F5,  and  Reference  F22. 


Program  of  Reference  FI  (Flight  Phase  Category  A) 

In  this  in-flight  lateral-directional  flying  qualities  program  for  a 
typical  fighter  mission,  the  pilots  were  allowed  to  select  the  sensitivity  of 
the  aileron  control.  The  resulting  "optimum"  sensitivities  are  presented  in 
Figure  1.  The  data  have  been  replotted  in  terms  of  rolling  acceleration  per 
inch  of  stick  deflection,  ,  in  Figure  2;  and  in  terms  of  rolling 

acceleration  per  pound  of  stick  force,  ,  in  Figure  3.  The  spring  rate, 

=  3.81  lb/in.  ** 


Program  of  Reference  F30  (Flight  Phase  Category  A) 

In  this  program  which  utilized  a  rolling  simulator  and  several  fighter 
aircraft,  a  parametric  variation  of  was  made  to  determine 

lateral  control  requirements  for  fighter  aircraft  performing  fighter  missions. 
As  such,  the  results  of  this  program  should  be  directly  comparable  to  the 
results  of  the  program  of  Reference  FI. 


NOTE:  In  this  text  "roll  sensitivity"  refers  to  ^  whereas  "roll  response 
sensitivity"  refers  to  fa  / <f  . 
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Although  the  results  of  this  program  are  presented  in  Figure  4  in 
terms  of  lSa.^a‘ym^ls  »  it  *s  believed  that  in  the  region  of  high  £ <f  A  wx , 
the  pilot  rating  boundaries  are  determined  more  from  sensitivity  considerations 
than  from  maximum  control  power  considerations.  To  quote  from  Reference  F30: 

"His  control  difficulties  in  the  overall  region  of  high  4  values  were 

further  compounded  because  of  the  extreme  stick  sensitivity  in  this  region 
wherein  small  stick  deflections  commanded  large  roll  rates  and  roll  accel¬ 
erations." 

That  the  pilot  was  concerned  with  control  sensitivity  rather  than 
control  power  is  further  confirmed  by  the  study  (supported  by  simulation)  of 
Reference  F27.  By  noting  whether  or  not  the  pilot  either:  (a)  never  hit  the 
control  stops,  (b)  sometimes  hit  the  control  stops,  or  (c)  always  hit  the 
control  stops  during  bank  angle  change  maneuvers,  it  was  possible  to  determine 
the  region  on  the  ^a.  *»,wvs  ^  plane  where  the  aircraft  was  control-power 
limited.  From  Figures  5  through  7,  where  the  results  of  this  program  are 
superimposed  on  the  results  of  Reference  F30,  it  can  be  seen  that  the 
configurations  were  control-power  limited  for  low  values  of  ^.-w^and  2^  , 
whereas  for  large  ^.and  2^  ,  other  factors  degraded  the  flying 

qualities. 

Plotting  the  data  of  Reference  F30  for  optimum  configurations  in  terms  '  ' 
of  sensitivity  parameters  rather  than  in  terms  of  maximum  control  power,  the 
data  of  Reference  F30  can  be  compared  directly  with  the  data  of  Reference  FI. 

The  Reference  F30  data  are  plotted  in  terms  of  roll  acceleration  per  inch  in 
Figure  2  (4kwM'=  ±5  in.)  and  in  terms  of  roll  acceleration  per  pound  in  -** 

Figure  3.  Optimum  values  and  the  values  corresponding  to  Level  1  and  Level  2  ,  * 

flying  qualities  are  also  shown.  The  spring  rate,  is  2  lb/in. 

Since  the  stick  force  gradient  in  the  program  of  Reference  FI 
(  ^•s  /  -  3  .81  lb/in.)  was  approximately  twice  that  in  Reference  F30,  and  -  » 

since  the  type  of  aircraft  and  type  of  control  tasks  were  very  similar  (Flight 
Phase  Category  A),  a  direct  comparison  between  the  data  of  the  two  programs 
can  be  made  to  determine  the  relative  merits  of  force  and  displacement 
sensitivity.  In  comparing  the  optimum-sensitivity  data  of  Reference  FI  for 
2^  =  0.4  seconds  with  that  of  Reference  F30,  greater  weight  should  be  given  to 
the  high-optimum-sensitivity  points  of  the  Reference  FI  data  than  to  the  low- 
sensitivity  points,  since  the  low-sensitivity  points  are  associated  with 
configurations  of  poor  pilot  rating.  For  the  configurations  with  poor  flying 
qualities,  the  gain  was  reduced  to  minimize  the  effect  of  the  undesirable 
characteristics  (for  example,  aileron  yaw). 

From  consideration  of  the  optimum-sensitivity  data  of  References  FI 
and  F30,  as  presented  in  Figures  2  and  3,  it  can  be  seen  that  the  correlation 
between  the  data  in  terms  of  roll  acceleration  per  force  is  better  than  in  terms 
of  roll  acceleration  per  displacement.  Furthermore,  it  can  be  seen  that  the 
data  points  of  constant  pilot  rating  lie  approximately  along  lines  of  constant  _  v 
V/  (bank  angle  in  one  second).  This  suggests  that,  at  least  for  Class  IV 
aircraft  performing  fighter  missions,  roll  response  sensitivity  can  be  best 
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expressed  in  terms  of  /,  /  (bank  angle  in  1  second  per  pound).  It  ca  < 
further  be  seen  that  the  data  points  from  Reference  F30  for  maximum  satisfactory 
roll  response  sensitivity  lie  along  a  curve  of  ^  I  ^/ts  x  degrees/lb;  for 
acceptable  flying  qualities,  /Fjs  ~  25  degrees/lb.  Both  sets  of  data 
indicate  that  for  optimum  roll  response  sensitivity/,  /  ^  should  be  about 
10  degrees/lb.  A  possible  exception  is  indicated  by  the  low-  ^  data  of 
Reference  FI,  where  somewhat  lower  optimum  roll  response  sensitivities  were 
selected  by  the  pilots. 

These  data  were  used  directly  to  specify  the  roll  response 
requirements  of  3.3.4. 1.4  that  apply  to  stick-controlled  Class  IV  airplanes 
performing  Category  A  Flight  Phases. 

Program  of  Refcieitcc  uiO  (Flight  Phase  Category  C) 

In  order  now  to  compare  the  fighter- airplane  data  for  up-and-away 
flight  with  data  for  the  landing  approach,  consider  the  in-flight  data  of 
Reference  G10  shown  in  Figures  8  through  13.  The  values  of  optimum,  Level  1 
and  Level  2  control  sensitivities  for  several  values  of  were  replotted  onto 
Figure  14  from  Figure  8.  Using  a  force  gradient  of  4.4  lb/in.,  the  data  were 
then  plotted  on  Figure  15  in  terms  of  force. 

From  comparison  of  Figures  3  and  15  it  can  be  seen  that  the  optimum 
roll  response  sensitivity,  maximum  satisfactory  roll  response  sensitivity,  and 
maximum  acceptable  roll  response  sensitivity,  in  terms  of  rolling  acceleration 
per  force  for  the  landing  approach,  are  about  half  that  for  respective  levels 
of  flying  qualities  for  Flight  Phase  Category  A.  These  data  were  used  directly 
to  specify  the  roll  response  requirements  of  3. 3. 4. 1.4  that  apply  to  stick- 
controlled  Class  IV  airplanes  performing  Category  C  Flight  Phases. 

Program  of  Reference  F5  (Flight  Phase  Category  B) 

Reference  F5  reports  on  an  in-flight  investigation  of  the  flying 
qualities  of  re-entry  vehicles  performing  maneuvers  characteristic  of  Flight 
Phase  Category  B.  Although  aileron  yaw  was  the  primary  variable,  aileron 
sensitivity  was  also  varied  and  pilot  comments  pertaining  directly  to  control 
sensitivity  were  obtained.  From  examination  of  the  pilot  comment  data  for 
Configurations  B-2,  B-2A,  B-3A,  and  B-4A  on  Figure  16,  it  can  be  seen  that 
for: 


Configuration  B-2 
Configuration  B-2A 


-  the  sensitivity  is  too  high 

-  no  comments  are  made  regarding  sensitivity, 
so  presumably  it  is  satisfactory 


Configuration  B-3A  -  specific  comments  on  the  desirable  sensitivity 
Configuration  B-4A  -  requests  greater  control  sensitivity 


f- 


From  the  characteristics  of  the  configuration  given  on  pages  3-61, 

3-62,  and  3-63  of  Reference  F5,  the  sensitivity  characteristics  for  these  four 
configurations  are  plotted  on  Figure  18  in  terms  of  roll  acceleration  per  inch 
and  on  Figure  19  in  terms  of  roll  acceleration  per  pound. 

Program  of  Reference  F22  (Flight  Phase  Category  B) 

Reference  F22  reports  on  another  in-flight  investigation  of  the  flying 
qualities  of  re-entry  vehicles,  so  is  also  applicable  to  Flight  Phase  Category 
B.  From  the  data  presented  in  Figure  17,  it  can  be  seen  that  the  flying 
qualities  are  satisfactory  over  a  wide  range  of  sensitivities.  By  plotting 
the  data  c/i  Figures  18  and  19  and  comparing  with  the  data  from  Reference  F5, 
it  can  be  seen  that  optimum  roll  response  sensitivity  occurs  around  I FAS  ~  5 
degrees/lb,  which  is  similar  to  that  for  Flight  Phase  Category  C  but  somewhat 
lower  than  for  Flight  Phase  Category  A.  On  the  other  hand,  it  can  be  seen 
that  the  maximum  satisfactory  value  of  roll  response  sensitivity  more  nearly 
corresponds  to  that  for  Flight  Phase  Category  A  at  approximately  18 

degrees/lb.  The  spring  rate  for  this  program  was  F  =  2  lb/in. 

Minimum  Stick  Forces 


In  order  now  to  convert  the  roll  response  sensitivity  requirements 
from  the  parameter  to  the  parameter  used  in  MIL-F-8785  (minimum  control 

force  required  to  meet  the  roll  performance  requirements),  it  is  necessary  to 
examine  the  roll  performance  requirements  in  paragraph  3.3.4  of  Reference  Al. 

From  Table  IX,  for  fighter  aircraft  in  Flight  Phase  Category  A,  ft  =  90  degrees 
in  1.3  seconds  for  Level  1.  From  the  discussion  of  paragraph  3.3.4,  ^  =  90 
degrees  in  1.3  seconds  is  very  similar  to  ^  =  60  degrees.  From  the  previous 
discussion,  it  was  determined  that  maximum  satisfactory  roll  response  sensitivity 
for  fighter  aircraft  in  Flight  Phase  Category  A  was  I F^  *  15  degrees/lb. 

Thus,  the  minimum  stick  force  to  meet  the  roll  performance  requirements  is 


60  degrees  in  1  sec 
IS  degrees  in  1  sec/ lb 


4  lb. 


Considering  now  the  landing  approach  requirements  from  Table  IX  of 
Reference  Al,  for  fighter  aircraft  in  Flight  Phase  Category  C,  *  30  degrees 
in  1  sec  for  Level  1.  From  the  previous  discussion  it  was  determined  that 
maximum  satisfactory  roll  response  sensitivity  for  fighter  aircraft  in  Flight 
Phase  Category  C  was  about  half  that  for  Flight  Phase  Category  A,  that  is, 

//  lrAsx  7. 5  degrees/lb.  Thus,  the  minimum  stick  force  to  meet  the  roll 
performance  requirements  is 


30  degrees  in  1  sec 
7.5  degrees  in  1  sec/lb 


4  lb. 
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These  data  therefore  indicate  that,  at  least  under  some  conditions, 
the  minimum  forces  can  be  much  less  than  those  specified  in  KIL-F-8785.  But 
these  maximum  sensitivities  would  result  in  somewhat  higher  minimum  forces 
over  much  of  the  Operational  Flight  Envelope  if,  as  would  be  expected,  roll 
performance  over  much  of  the  envelope  is  better  than  required.  TTius,  since 
4  pounds  represents  the  lowest  satisfactory  minimum  stick  force,  a  minimum  force 
value  of  one  quarter  the  maximum  values  specified  in  Table  X  of  Reference  A1 
have  been  specified  for  Flight  Phase  Categories  A  and  C,  which  results  in 
minimum  forces  between  5  and  6  pounds.  In  addition  to  the  requirements  of 
3. 3. 4. 2,  direct  roll  response  sensitivity  requirements  in  terms  of  the 
parameter  fa  /  F*s  have  been  specified  in  3. 3. 4. 1.3  for  stick-controlled  Class 
IV  airplanes. 

Examination  of  the  Flight  Phase  Category  B  sensitivity  data  and  roll 
performance  requirements  indicates  that  the  roll  response  sensitivity  require¬ 
ments  for  Flight  Phase  Category  B  could  be  somewhat  more  lenient  (that  is, 
lower  minimum  )  than  those  for  the  other  Flight  Phase  Categories.  However, 
because  of  the  interaction  effects  of  breakout  force  with  sensitivity,  and  in 
order  to  minimize  complexity,  the  Flight  Phase  Category  B  roll  response 
sensitivity  requirement  has  been  made  the  same  as  that  for  the  other  Flight 
Phase  Categories. 

Available  data  show  that  maximum  acceptable  roll  response  sensitivity 
is  almost  twice  as  great  as  maximum  satisfactory  roll  response  sensitivity. 

Since  maximum  acceptable  stick  forces  specified  in  Table  X  are  slightly  greater 
than  maximum  satisfactory  stick  forces,  minimum  stick  forces  for  Level  2  have 
been  made  one-eighth  the  maximum  specified  Level  2  stick  forces. 

Actual  minimum  satisfactory  or  acceptable  stick  forces  will  depend 
strongly  upon  the  breakout  force  and  other  control  system  characteristics. 

For  example,  Reference  B39  states,  ’’With  regard  to  breakout  force,  it  is  known 
that  an  aircraft  with  a  breakout  force  of  roughly  50?i  of  the  force  to  apply 
full  control  can.be  flown,  but  is  generally  unpleasant  to  handle  and  lacks 
precision  of  control."  Thus,  maximum  satisfactory  and  acceptable  sensitivity 
will  be  different  for  each  airplane  and  must  be  determined  on  an  individual 
basis . 

It  should  be  noted  that  by  relating  sensitivity  requirements  to  roll 
performance  requirements,  the  conflict  of  whether  to  relate  sensitivity  to 
roll  rate  or  roll  acceleration  is  avoided  (see  discussion  in  Section  II  of 
Reference  F8).  At  low  2^,  where  ailerons  essentially  command  roll  rate,  the 
curves  approximate  curves  of  constant  roll  rate;  whereas  for  large  T*  ,  where 
ailerons  are  more  accelerating-ordering,  the  * ^  curves  more  closely  approximate 
lines  of  constant  initial  roll  acceleration.  Thus  the  Reference  A1  roll 
response  sensitivity  requirements  take  into  account  the  changing  nature  of  the 
roll  response  as  a  function  of  TR  . 

Minimum  Wheel  Forces 

The  proposed  minimum  wheel  force  requirements  are  based  on  discussions 
and  data  in  References  B39  and  C7, 
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From  a  review  of  the  literature  and  from  pilot  comments  pertaining  to 
large  aircraft  in  the  landing  approach.  Reference  B39  suggests  a  sensitivity 
limit  for  satisfactory  flying  qualities  of  l.S  degrees  per  sec/lb.  Since  the 
Reference  A1  roll  performance  requirement  for  Class  III  aircraft  in  the  landing 
approach  is  approximately  20  deg/sec  in  terms  of  steady  roll  rate,  the  force 
required  to  meet  this  roll  performance  at  a  sensitivity  of  1.5  degree  per 
sec/lb  is 

20 

-  *  13  pounds 

1.5 


Reference  C7  found,  from  ground-based  simulation  results,  that 
maximum  satisfactory  roll  response  sensitivity  occurred  at  =  0.37 

deg/deg  of  wheel  (Figure  20).  The  spring  gradient  was  0.28  Ib/deg.  Thus,  for 
an  aircraft  with  these  characteristics,  the  roll  response  sensitivity  would 
convert  to 

-  4.4(deg/sec)/lb. 


AW 


,28 


At  this  sensitivity,  the  force  required  to  attain  a  steady  roll  rate  of 
20  deg/sec  is 

20  c  , 
j-j  »  5  pounds . 


One  aircraft  manufacturer  has  found  minimum  wheel  forces  as  low  as 
8  pounds  to  be  satisfactory. 

These  data  thus  indicate  quite  a  spread  in  minimum  wheel  forces. 

This  suggests  that  for  wheel-controllers,  roll  response  per  wheel  deflection 
may  be  a  better  parameter  than  roll  response  per  wheel  force.  Since  there 
were  insufficient  data  to  resolve  the  question,  however,  the  minimum  wheel 
force  requirements  were  specified  in  the  same  manner  as  for  center  sticks. 
Further,  since  the  ratio  of  minimum  to  maximum  forces  for  sticks  was  relatively 
consistent  with  the  data  on  wheels,  the  same  ratios  were  applied  to  wheels  as 
were  applied  to  sticks. 


*  «• 
^  > 


a 

to 


vi 


Figure  1  (3. 3.4. 2) 

ROLL  SENSITIVITY  (FROM  REFERENCE  FI) 
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Figure  6  (3. 3. 4.2)  Figure  7  (3. 3. 4. 2) 

CONTOURS  FOR  A  BANK-AND-STOP  MANEUVER  ISO-TIME  CONTOURS  FOR  A  BANK-AND-STOP  MANEUVER 

{FROM  REFERENCE  F27)  {FROM  REFERENCE  F27) 


•rjtw r"** 


■  |*l  pilot  A  L^*-8 
•  j«t  pilot  A  1.0* -16 


2  3  4  5 

Lgg  ,  radAae*  par  inch 

Figure  10  (3.3.4. 2) 

LATERAL  CONTROL  SENSITIVITY  BOUNDARY,  ZR 
(FROM  REFERENCE  G10) 


L|o,  rod/MC*  par  inch 

Figure  II  (3. 3. 4. 2) 

LATERAL  CONTROL  SENSITIVITY  BOUNDARY,  T, 
(FROM  REFERENCE  QIO)  1 


Figure  12  (3. 3. 4. 2) 

LATERAL  CONTROL  SENSITIVITY  BOUNDARY,  T  =  1.0 
(FROM  REFERENCE  G10)  R 


Figure  13  (3. 3. 4.2) 

LATERAL  CONTROL  SENSITIVITY  BOUNDARIES  (FROM  REFERENCE  010) 
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CATEGORY  C- FORCE 
ROM  REFERENCE  G!0) 


AILERON  CONTROL 
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Figure  16  (3. 3. ^.2) 

SUMMARY  OF  PILOT  COWENTS  FOR  IN-FUGHT  CONFIGURATIONS 
(FROM  REFERENCE  F5) 


Figure  18  (3.3.4.2J  Figure  19  (3.3.4.2) 

FLIGHT  PHASE  CATEGORY  B  -  DEFLECTION  SENSITIVITY  FLIGHT  PHASE  CATEGORY  B  -  FORCE  SENSITIVITY 


GROUND-  * 


INFIJGHT  RAGED 


1.03  <  *„  <  1.  12  SEC 


ROLL  RESPONSE  SENSITIVITY,  *  /$ 

~  1  w 


Figure  20  (3. 3. 1. 2) 

VARIATION  OF  PILOT  RATING  WITH  ROLL  RESPONSE  SENSITIVITY 
(FROM  REFERENCE  C7) 


3. 3. 4. 3  LINEARITY  OF  ROLL  RESPONSE 


REQUIREMENT 

3. 3.4. 3  Linearity  of  roll  response.  There  shall  be  no  objectionable  non- 
linearities  in  the  variation  of  rolling  response  with  aileron  control  deflec¬ 
tion  or  force.  Sensitivity  or  sluggishness  in  response  to  small  aileron 
control  deflections  or  forces  shall  be  avoided. 

RELATED  MIL-F-8785  PARAGRAPH 


3.14. 16.8 


DISCUSSION 

This  requirement  is  similar  to  MIL-F-8785  paragraph  3.4.16.8,  but  has 
been  generalized  to  prohibit  objectional  nonlinearities  for  any  size  aileron 
control  input.  The  requirement  is  directed  at  precision  of  control.  Objec¬ 
tionable  nonlinearities  have  been  detents,  nonlinear  force  gradients,  nonlinear 
^v(^as)  orC^((fAS),  spoiler  lag,  etc.  It  has  not  been  possible  to  specify 
values  for  tolerable  levels  of  such  nonlinearities,  so  reliance  must  be  placed 
on  avoidance  or  on  pilots'  evaluations. 

Tests  using  1/4,  1/2,  3/4  and  full  aileron  are  commonly  used  to 
demonstrate  compliance.  Such  tests  can  also  be  used  to  help  determine  k  for 
use  in  3. 3. 2. 4  and  3. 3. 2. 4.1. 
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3. 3. 4. 4  WHEEL  CONTROL  THROW 


REQUIREMENT 

3. 3. 4. 4  Wheel  control  throw.  For  airplanes  with  wheel  controllers,  the 
wheel  throw  necessary  to  meet  the  roll  perf  rmance  requirements  specified  in 

3.3.4  shall  not  exceed  60  degrees  in  either  direction.  For  completely 
mechanical  systems,  the  requirement  may  be  relaxed  to  80  degrees. 

RELATED  MIL-F-8785  PARAGRAPH 

3.4. 16.4 

DISCUSSION 

This  paragraph  replaces  paragraph  3.4.16.4  of  MIL-F-8785.  The  wheel 
control  throw  has  been  reduced  from  the  MIL-F-8785  value  of  +90  degrees  to 
±60  degrees  in  keeping  with  the  trend  toward  lower  wheel  throw  angles.  A 
smaller  wheel  throw  facilitates  flying,  particularly  for  one-handed  operation. 
Also,  as  the  Reference  C7  data  indicate  (Figure  1) ,  to  maintain  a  desirable 
roll  response  sensitivity  in  terms  of  roll  performance  per  degree  of  wheel 
deflecticn,  the  smaller  the  wheel  throw,  the  lower  the  required  roll  perform¬ 
ance.  (This  is  valid  providing  roll  effectiveness  is  equal  to  or  greater 
than  the  specified  roll  effectiveness  requirements.) 

Reference  A8  makes  recommendations  concerning  the  amount  of  wheel 
throw  for  one-handed  operation,  and,  although  the  comments  pertain  to  VTOL 
vehicles,  the  recommendation  may  well  be  of  general  applicability.  The 
Reference  A8  recommendation  is  that  for  one-handed  operation,  the  wheel  throw 
should  not  exceed  60  degrees  in  each  direction. 

A  wheel  throw  of  ±80  degrees  for  completely  mechanical  systems  has 
been  specified  in  deference  to  the  airplane  designer. 


VARIATION  OF  PILOT  RATING  WITH  BANK  ANGLE  IN  THE  FIRST 
SECOND  FOR  FOUR  VALUES  OF  EFFECTIVE  ANGLE  (FROM  REFERENCE  C7) 
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3. 3.4.5  RUDDER-PEDAL- INDUCED  ROLLS 


REQUI REMENT 

3. 3.4.5  Rudder-pedal-induced  rolls.  For  Levels  1  and  2,  it  shall  be  possible 
to  raise  a  wing  by  use  of  rudder  pedal  alone,  with  right  rudder  pedal  force 
required  for  right  rolls  and  left  rudder  pedal  force  required  for  left  rolls. 
For  Level  1,  with  the  aileron  control  free,  it  shall  be  possible  to  produce 
a  roll  rate  of  3  degrees  per  second  with  an  incremental  rudder  pedal  force  of 
50  pounds  or  less.  The  specified  roll  rate  shall  be  attainable  from  coordi¬ 
nated  turns  at  up  to  ±30  degrees  bank  angle  with  the  airplane  trimmed  for 
wings-level,  zero-yaw- rate  flight. 

RELATED  MIL-F-8785  PARAGRAPHS 

None. 

DISCUSSION 

This  requirement  is  new  and  is  specified  for  the  reasons  given  in 
the  discussion  of  requirements  pertaining  to  sideslips  under  paragraph  3.3. 

It  does  not  absolutely  require  stable  0 because  it  can  be  met  with  a  rudder- 
aileron  interconnect.  For  the  same  reason,  this  requirement  does  not 
necessarily  have  implications  on  survivability  or  vulnerability. 

A  number  of  pilots  who  once  preferred  a  "completely  uncoupled  airplane" 
now,  after  further  experience  and  reflection,  support  this  requirement. 


3.3.5  DIRECTIONAL  CONTROL  CHARACTERISTICS 


REQUIREMENT 

3.3.5  Directional  control  characteristics.  Directional  stability  and  control 
characteristics  shall  enable  the  pilot  to  balance  yawing  moments  and  control 
yaw  and  sideslip.  Sensitivity  to  rudder  pedal  forces  shall  be  sufficiently 
high  that  directional  control  and  force  requirements  can  be  met  and  satisfactory 
coordination  can  be  achieved  without  unduly  high  rudder  pedal  forces,  yet 
sufficiently  low  that  occasional  improperly  coordinated  control  inputs  will  not 
seriously  degrade  the  flying  qualities. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.4.11,  3.4.14,  3.4.15 

DISCUSSION 

This  is  a  general  catch-all  requirement  on  balancing  yawing  moments. 
Requirements  on  rudder  pedal  forces  for  specific  conditions  are  given  in  the 
paragraphs  referenced  below: 

3. 3. 5.1  (speed  change) 

3. 3. 5. 2  (wave-off/go-around) 

3.3.6  (steady  sideslips) 

3.3.7,  3. 3. 7.1,  3. 3. 7.2  (cross  winds) 

3.3.8  (dives) 

3. 3.9.1,  3. 3.9. 2,  3. 3. 9. 5  (asymmetric  thrust) 

3.4.3  (spins) 

The  related  MIL-F-8785  requirements  were  examined  for  validity  and 
changed  as  necessary.  A  qualitative  requirement  on  another  important  flying 
qualities  parameter,  rudder-pedal  sensitivity,  has  been  included.  A  quanti¬ 
tative  requirement  could  not  be  specified  because  of  insufficient  data. 


3. 3. 5.1  DIRECTIONAL  CONTROL  WITH  SPEED  CHANGE 


REQUIREMENT 

3. 3. 5.1  Directional  control  with  speed  change.  When  initially  trimmed 
directionally  with  symmetric  power,  the  trim  change  of  propeller- driven  air¬ 
planes  with  speed  shall  be  such  that  straight  flight  can  be  maintained  over 
a  speed  range  of  ±30  percent  of  the  trim  speed  or  ±100  knots  equivalent  air¬ 
speed,  whichever  is  less  (except  where  limited  by  boundaries  of  the  Service 
Flight  Envelope)  with  rudder  pedal  forces  not  greater  than  100  pounds  for 
Levels  1  and  2  and  not  greater  than  180  pounds  for  Level  3,  without  retrimming. 
For  other  airplanes,  rudder  pedal  forces  shall  not  exceed  40  pounds  at  the 
specified  conditions  for  Levels  1  and  2  nor  180  pounds  for  Level  3. 

3. 3.5.1. 1  Directional  control  with  asymmetric  loading.  When  initially  trimmed 
directionally  with  each  asymmetric  loading  specified  in  the  contract  at  any 
speed  in  the  Operational  Flight  Envelope,  it  shall  be  possible  to  maintain  a 
straight  flight  path  throughout  the  Operational  Flight  Envelope  with  rudder 
pedal  forces  not  greater  than  100  pounds  for  Levels  1  and  2  and  not  greater 
than  180  pounds  for  Level  3,  without  retrimming. 

RELATED  MIL-F-8785  PARAGRAPHS 


3.4.11 


DISCUSSION 

This  requirement  is  based  on  the  requirement  stated  in  the  first 
sentence  of  paragraph  3.4.11  of  MIL-F-8785.  In  response  to  comments  from 
industry  and  governmental  agencies,  the  allowable  rudder  pedal  forces  have 
been  reduced  and  have  been  made  a  function  of  type  of  propulsion,  that  is, 
either  turbojet  or  propeller- driven.  In  the  absence  of  propeller  slipstream 
effects  a  more  stringent  requirement,  which  is  closer  to  pilots'  desires,  is 
feasible  to  meet. 

An  additional  requirement  directed  specifically  at  airplanes  with 
asymmetric  loading  has  been  specified  in  3. 3. 5. 1.1.  Its  aim  is  to  help  keep 
pilot  workload  within  bounds  during  the  Flight  Phases  of  an  operational  mission. 
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3.3.S.2  DIRECTIONAL  CONTROL  IN  WAVE-OFF  (GO-AROUNP) 


REQUIREMENT 

3. 3. 5. 2  Directional  control  in  wave-off  (go-around).  For  propeller-driven 
Class  IV,  and  all  propeller- driven  carrier-based  airplanes,  the  response  to 
thrust,  configuration,  and  airspeed  change  shall  be  such  that  the  pilot  can 
maintain  straight  flight  during  wave-off  (go-around)  initiated  at  speeds  down 
to  Vg(PA)  with  rudder  pedal  forces  not  exceeding  100  pc jnds  when  trimmed  at 
V°min(PA).  For  other  airplanes,  rudder  pedal  forces  shall  not  exceed  40 

pounds  for  the  specified  conditions.  The  preceding  requirements  apply  for 
Levels  1  and  2.  For  all  airplanes  the  Level  3  requirement  is  to  maintain 
straight  flight  in  these  conditions  with  rudder  pedal  forces  not  exceeding 
180  pounds.  For  all  levels,  bank  angles  up  to  5  degrees  are  permitted. 

RELATED  MIL- F- 8785  PARAGRAPHS 

3.4.11 

DISCUSSION 

This  requirement  is  based  on  the  requirement  stated  in  the  last 
sentence  of  paragraph  3.4.11  of  MIL-F-8785.  Allowable  rudder  pedal  forces 
have  been  made  a  function  of  type  of  propulsion  as  in  paragraph  3. 3. 5.1  of 
Reference  Al.  Changes  have  been  made  to  conform  more  closely  to  the  actual 
flight  situation  during  a  wave-off  (Navy)  or  go-around  (AF) ,  and  the  require¬ 
ment  now  applies  to  all  airplanes.  The  need  is  obvious. 

Asymmetries  of  configuration  or  thrust  may  be  normal  conditions  (such 
as  some  asymmetric  store  loadings)  or  the  result  of  Failure  States  (such  as 
propulsion  failure).  The  bank  angle  permitted  is  the  same  as  for  the  specific 
requirements  on  control  for  asymmetric  thrust  (3. 3.9.2). 


3.3.6  LATERAL- DIRECTIONAL  CHARACTERISTICS  IN  STEADY  SIDESLIPS 


REQUIREMENT 

3.3.6  Lateral-directional  characteristics  in  steady  sideslips.  The  require¬ 
ments  of  3. 3. 6.1  through  3. 3. 6. 3.1  and  3. 3. 7.1  are  expressed  in  terms  of 
characteristics  in  rudder-pedal -induced  steady,  zero-yaw-rate  sideslips  with 
the  airplane  trimmed  for  wings-level  straight  flight.  Paragraphs  3.3.6. 1 
through  3. 3. 6. 3  apply  at  sideslip  angles  up  to  those  produced  or  limited  by: 

a.  Full  rudder  pedal  deflection,  or 

b.  250  pounds  of  rudder  pedal  force,  or 

c.  Maximum  aileron  control  or  surface  deflection, 

except  that  for  single-propeller-driven  airplanes  during  wave-off  (go-around) , 
rudder  pedal  deflection  in  the  direction  opposite  to  that  required  for  wings-' 
level  straight  flight  need  not  be  considered  beyond  the  deflection  for  a 
10-degree  change  in  sideslip  from  the  wings-level  straight  flight  condition. 

RELATED  MIL-F-8785  PARAGRAPH 

3.4.3 

DISCUSSION 

The  paragraphs  within  this  section  of  Reference  A1  were  obtained 
primarily  from  a  reorganization  of  paragraphs  3.4.3,  3.4.4,  3.4.5,  3.4.6, 

3.4.6. 1,  3. 4. 6. 2,  3.4.7,  3.4. 7.1  and  3.4.8  of  MIL-F-8785.  These  were  pulled 
together  into  one  section  since  they  all  relate  to  airplane  characteristics 
in  steady  rudder-pedal-induced  sideslips.  Furthermore,  it  is  believed  that 
the  paragraphs  have  been  most  logically  and  precisely  divided  according  to 
content  by  considering  them  as  relating  either  to  rolling  moments,  yawing 
moments  or  side  forces  in  steady  sideslips.  The  requirements  have  been 
altered  very  little,  since  this  type  of  requirement  is  needed  and  in  general 
has  stood  the  test  of  time  in  the  form  of  required  airplane  response  and 
aileron- control  inputs  during  steady  rudder-pedal  induced  sideslips.  Some 
operational  uses  of  sideslips  are  listed  in  the  discussion  of  3.3.  It  should 
be  noted  that,  although  paragraphs  3.4.10  and  3.4.11.1  of  MIL-F-8785  also 
refer  to  steady  sideslip  conditions,  they  are  not  covered  in  this  section 
because  of  special  implications  to  other  areas  of  flying  qualities.  Paragraph 
3.4.10  was  omitted  since  it  does  not  relate  to  rudder-pedal-induced  sideslips 
(see  Reference  A1 ,  3. 3. 9. 4),  and  3.4.11,1  was  omitted  since  it  has  special 
implications  to  cross-wind  landings  (see  Reference  Al,  3. 3. 7.1). 

Paragraph  3.3.6  was  obtained  from  a  reorganization  of  paragraph  3.4.3 
of  MIL-F-8785  and,  to  avoid  any  ambiguity,  pertains  to  rudder-pedal  induced 
sideslips  only.  The  type  of  airplane  to  which  the  wave-off  (go-around) 
exception  applies  has  been  clarified. 
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Structural  limitation  is  not  given  as  one  of  the  limitations  on  the 
size  of  sideslip  that  it  is  necessary  to  consider  since  the  250  pound  rudder 
pedal  force  is  well  within  the  300  pound  force  required  to  meet  the  structural 
specification  requirements  (MIL-A-8861) . 

Note  that  it  must  be  possible  to  reach  one  of  these  limits  to  meet 
these  requirements.  For  example,  an  airplane  that  diverges  uncontrollably  at 
a  sideslip  angle  within  all  these  limits  is  clearly  unsatisfactory. 


I 


3. 3. 6.1  YAWING  MOMENTS  IN  STEADY  SIDESLIPS 


REQUIREMENT 

3.3.6. 1  Yawing  moments  in  steady  sideslips.  For  the  sideslips  specified  in 
3.3.6,  right  rudder  pedal  deflection  and  force  shall  produce  left  sideslips 
and  left  rudder  pedal  deflection  and  force  shall  piroduce  right  sideslips. 

For  Levels  1  and  2  the  following  requirements  shall  apply.  The  variation  of 
sideslip  angle  with  rudder  pedal  deflection  shall  be  essentially  linear  for 
sideslip  angles  between  +15  degrees  and  -15  degrees.  For  larger  sideslip 
angles,  an  increase  in  rudder  pedal  deflection  shall  always  be  required  for 
an  increase  in  sideslip.  The  variation  of  sideslip  angle  with  rudder  pedal 
force  shall  be  essentially  linear  for  sideslip  angles  between  +10  degrees  and 
-10  degrees.  Although  a  lightening  of  rudder  pedal  force  is  acceptable  for 
sideslip  angles  outside  this  range,  the  rudder  pedal  force  shall  never  reduce 
to  zero. 

RELATED  MIL-F-8785  PARAGRAPHS 


3.4.4,  3.4.5 


DISCUSSION 

The  requirement  combines  paragraphs  3  4.4  and  3.4.5  of  MIL-F-8785. 

At  the  request  of  industry,  the  range  of  linearity  of  rudder  pedal  force  was 
reduced  from  *15  degrees  of  sideslip  to  *10  degrees  of  sideslip.  This  change 
does  not  seem  objectionable  to  pilots,  as  long  as  rudder  pedal  deflections 
for  larger  sideslip  angles  remain  stable.  It  is  consistent  with  the  rudder 
pedal  force  requirement.  Rudder  overbalance  is  still  prohibited. 

If  one  of  the  factors  listed  in  3.3.6  limits  attainable  sideslip  to 
less  than  *15  degrees,  the  requirements  of  3.3.6. 1  of  course  do  not  apply 
beyond  that  smaller  sideslip  angle. 

Because  of  possible  control  cross-coupling,  meeting  this  requirement 
will  not  necessarily  assure  static  directional  stability.  However,  the 
control-surface- fixed  requirement  of  3.3. 1,1  should  assure  a  stable 
"dynamic  ." 


3. 3. 6. 2  SIDE  FORCES  IN  STEADY  SIDESLIPS 


REQUIREMENT 

3. 3.6.2  Side  forces  in  steady  sideslips.  For  the  sideslips  of  3.3.6,  an 

increase  in  right  bank  angle  shall  accompany  an  increase  in  right  sideslip, 
and  an  increase  in  left  bank  angle  shall  accompany  an  increase  in  left 
sideslip. 

RELATED  MIL-F-8785  PARAGRAPH 


3.4.8 


DISCUSSION 

This  requirement  replaces  paragraph  3.4.8  of  MIL-F-8785  and  is  worded 
almost  identically.  It  is  possible,  though  unlikely,  to  design  an  airplane 
that  will  not  meet  this  requirement  (Reference  Bll  shows  in  terms  of 
stability  and  control  derivatives).  While  there  is  some  evidence  that  pilots 
do  not  object  to  zero  bank  in  straight  sideslips,  opposite  bank  seems  to  be 
disconcerting.  This  was  particularly  apparent,  according  to  an  Air  Force 
witness,  in  B-15  landing  approaches. 


3. 3. 6. 3  ROLLING  MOMENTS  IN  STEADY  SIDESLIPS 


REQUIREMENT 

3. 3.6.3  Rolling  moments  in  steady  sideslips.  For  the  sideslips  of  3.3.6,  left 
aileron-control  deflection  and  force  shall  accompany  left  sideslips,  and  right 
aileron-control  deflection  and  force  shall  accompany  right  sideslips.  For 
Levels  1  and  2,  the  variation  of  aileron-control  deflection  and  force  with 
sideslip  angle  shall  be  essentially  linear. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.4.6,  3.4.7 
DISCUSSION 

This  requirement  combines  paragraph  3.4.6  and  most  of  paragraph  3.4.7 
of  MIL-F-8785  and  specifies  the  sense  of  required  aileron-control  inputs  in 
essentially  the  same  way  as  MIL-F-8785.  It  does  not  necessarily  require 
positive  effective  dihedral,  because  of  possible  control  cross-coupling  effects. 

In  reviewing  this  requirement,  consideration  was  given  to  putting  some 
lower  limit  on  dihedral  effect  since  data  such  as  those  presented  in 
Reference  G10  (Figure  1)  indicate  that  zero  or  low  is  undesirable. 

Reference  G10  indicates  that  the  zero  configurations  were  down-rated 
because  the  pilots  were  forced  to  use  rudder  pedals  to  damp  the  Dutch  roll 
oscillations.  Fighter  pilots,  in  particular,  desired  some  dihedral  to  enable 
them  to  damp  the  Dutch  roll  using  ailerons  alone.  This  has  implications 
extending  far  beyond  the  scope  of  paragraph  3.3.6. 3.  The  implications  are 
that: 


(a)  the  |  response  ratio  is  sufficiently  large  that 

Dutch  roll  oscillations  will  show  up  in  roll,  and 

(b)  the  combination  of  ffi  (yaw  due-to-aileron,  etc.)  anA4.f>//8 
(phasing  of  the  free  Dutch  roll  oscillation)  is  such 
that  aileron  control  inputs  to  damp  the  roll 
oscillations  will  generate  yawing  moments  that  damp 

P  oscillations. 

It  is  hoped  that  the  requirements  under  3.3.2  will  cope  with  these 
implications.  More  work  and  data  are  necessary,  however. 
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Figure  I  (3. 3.6. 3) 

LATERAL  FLYING  QUALITIES  BOUNDARIES 

(**  w  r,  , p.i)  (from  reference  gio) 


3. 3. 6, 3. 1 


EXCEPTION  FOR  WAVE-OFF  (GO- AROUND) 


REQUIREMENT 

3. 3. 6. 3.1  Exception  for  wave-off  (go-around).  The  requirement  of  3. 3.6. 3 
may,  if  necessary,  be  excepted  for  wave-off  (go-around)  if  task  performance 
is  not.  impaired  and  no  more  than  50  percent  of  roll  control  power  available 
to  the  pilot,  and  no  more  than  10  pounds  of  aileron -control  force,  are 
required  in  a  direction  opposite  to  that  specified  in  3. 3. 6. 3. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.4.6. 1,  3. 4. 7.1 

DISCUSSION 

This  requirement  combines  paragraphs  3. 4. 6.1  and  3. 4. 7.1  of  MIL-F-8785. 
Such  relaxation  has  been  found  both  necessary  on  occasion  and  tolerable.  In 
this  paragraph,  allowable  aileron- control  force  is  not  made  a  function  of  the 
type  of  controller,  since  one-handed  operation  must  be  assumed  for  the  wave-ofl 
or  go-around  maneuver.  The  phrase  "available  to  the  pilot"  is  used  to  take 
into  account  the  fact  that  control  surface  position  can  be  determined  by  both 
the  pilot  and  the  stability  augmentation  system.  The  pilot  must  be  able  to 
cope  with  disturbances  during  this  low-altitude  maneuver,  so  a  control  margin 
is  provided.  See  the  discussion  of  control  power  under  3. 3.6. 3. 2. 


3. 3. 6. 3. 2  POSITIVE  EFFECTIVE  DIHEDRAL  LIMIT 


REQUIREMENT 

3. 3. 6. 3. 2  Positive  effective  dihedral  limit.  For  Levels  1  and  2,  positive 
effective  dihedral  (right  aileron  control  for  right  sideslip  and  left  aileron 
control  for  left  sideslip)  shall  never  be  so  great  that  more  than  75  percent, 
of  roll  control  power  available  to  the  pilot,  and  no  more  than  10  pounds  of 
aileron-stick  force  or  20  pounds  of  aileron-wheel  force,  are  required  for 
sideslip  angles  which  might  be  experienced  in  service  employment. 

RELATED  MIL-F-8785  PARAGRAPHS 

3. 4.6. 2,  3.4.7 
DISCUSSION 

The  requirement  specifies  allowable  control  power  necessary  for  the 
sideslips  and  allowable  aileron-control  forces  as  a  function  of  type  controller. 
Since  this  requirement  relates  directly  to  aircraft  usage,  that  is,  the  size  of 
sideslip  which  "might  be  experienced  in  service  employment,"  and  since  this  is 
a  very  strong  function  of  aircraft  type,  the  requirement  is  tied  to  normal 
operational  usage  as  was  the  corresponding  requirement  in  MIL-F-8785.  A  margin 
of  control  power  must  be  left  for  the  pilot  to  cope  with  disturbances. 

As  defined  in  6.2.4,  control  power  is  expressed  in  terms  of  moment- 
producing  capability.  There  generally  is  a  known  or  measurable  relationship 
between  surface  deflection  and  control  moment.  The  margin  stated  must  be 
available  to  the  pilot  for  effective  control,  over  and  above  any  surface 
deflection  used  for  stability  augmentation.  As  noted  in  the  discussion  of 
3. 5.4.2,  saturation  of  augmentation  will  not  be  allowed  to  prohibit  safe  use 
of  this  control  margin  for  maneuvering  and  compensating  for  disturbances. 


i 

I 
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3.3.7  LATERAL- DIRECTIONAL  CONTROL  IN  CROSS  WINDS 


GENERAL  DISCUSSION 


Paragraphs  3.3.7,  3. 3. 7.1,  3. 3. 7. 2.1  and  3. 3. 5. 2. 2  of  Reference  A1 
replace  paragraphs  3.4.13,  3.4.13.1,  3.4.13.2,  3.4. 11. 1,  3.7.6  and  parts  of 
paragraphs  3. 4. 6. 2,  3.4.7  and  3.4.16.5  of  MIL-F-8785.  Reference  A1  thus 
incorporates  into  one  section  all  requirements  relating  maximum  allowable 
aileron  control  and  rudder  pedal  forces  for  takeoffs  and  landings  in  cross 
wind  conditions,  thus  greatly  reducing  the  amount  of  cross  referencing.  The 
main  paragraphs  within  this  section  have  been  identified  according  to  phase 
of  operation,  that  is:  final  approach  (3. 3. 7.1),  takeoff  run  (3.3. 7.2), 
landing  rollout  (3. 3. 7. 2)  and  taxi  (3.3. 7. 3). 

The  requirements  are  based  on  the  philosophy  that  for  Level  1  and  2 
it  must  be  possible  to  perform  the  severe  task,  although  for  Level  2  a 
degradation  in  flying  qualities  is  accepted.  Thus  the  cross  winds  under  which 
a  landing  must  be  accomplished  are  the  same  for  Levels  1  and  2,  although 
cockpit  forces  may  increase  for  Level  2.  For  Level  3,  both  the  severity  of 
the  cross  wind  and  the  maximum  allowable  cockpit  forces  have  been  relaxed 
from  those  specified  for  Level  1.  ^  * 

REQUIREMENT 

3.3.7  Lateral-directional  control  in  cross  winds.  It  shall  be  possible  to 

take  off  and  land  with  normal  pilot  skill  and  technique  in  90-degree  cross 

winds,  from  either  side,  of  velocities  up  to  those  specified  in  table  XI.  «+ 

Aileron-control  forces  shall  be  within  the  limits  specified  in  3. 3. 4. 2,  and  * ► 

rudder  pedal  forces  shall  not  exceed  100  pounds  for  Level  1  nor  180  pounds 

for  Levels  2  and  3.  This  requirement  can  normally  be  met  through  compliance 

with  3. 3.7.1  and  3. 3. 7. 2. 


TABLE  XI.  Cross-Wind  Velocity 


Level 

Class 

Cross  Wind 

1 

and 

2 

I 

20  knots 

II,  III,  8  IV 

30  knots 

Water-based 

airplanes 

20  knots 

3 

All 

one-half  the  values 
for  Levels  1  and  2 
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RELATED  MIL-F-8785  PARAGRAPHS 


3.4.13,  3.4.13.1,  3.4.13.2,  3.4.11.1,  3.7.6,  3. 4. 6. 2,  3.4.7,  3.4. 16. S 
DISCUSSION 

The  most  significant  change  in  this  requirement  is  the  reduction  in 
maximum  specified  cross  wind  for  Class  II,  III  and  IV  airplanes,  from  40  knots 
to  30  knots.  A  relaxation  of  this  requirement  was  recommended  by  several  air¬ 
craft  manufacturers  and  30  knots  was  officially  proposed  by  the  Aerospace 
Industries  Association  (AIA),  in  its  proposed  revision  of  MIL-F-8785 
(Reference  A2) . 

That  some  relaxation  of  the  requirement  is  warranted  has  been 
substantiated  by  a  study  performed  by  the  USAF  Environmental  Technical 
Applications  Center  (ETAC)  in  direct  support  of  the  MIL-F-8785  revision  effort.. 
In  the  resulting  ETAC  report  (Reference  G2,  Appendix  II),  the  following 
recommendation  is  made:  "The  requirement  that  aircraft  be  able  to  land  in 
cross-winds  up  to  40  knots  is  too  severe  for  existing  military  airfields. 

This  requirement  could  be  relaxed  to  25  knots  and  still  achieve  at  least  99.5% 
operational  effectiveness."  This  recommendation  was  made  on  the  basis  of 
examination  of  wind  velocity  data  (based,  in  general,  on  averages  for  one- 
minute  intervals  taken  hourly  over  a  5  to  10  year  period)  of  266  locations  in 
the  contiguous  United  States  and  36  overseas  locations.  The  Azores,  which 
were  considered  critical  in  developing  the  MIL-F-8785  requirement,  were  not 
among  the  locations  studied. 

Reference  A1  has  specified  a  reduction  to  30  knots  rather  than  the 
suggested  25  knots  since: 

a)  30  knots  represents  a  significant  decrease  in  the  maximum 
specified  cross  wind  (decrease  of  25%). 

b)  Although  overall  operational  effectiveness  may  be  99.5%,  the 
operational  effectiveness  at  individual  locations  such  as 
Shemyo  and  Thule,  based  on  actual  conditions,  is  somewhat 
below  that  figure.  In  addition,  operational  effectiveness 
depends  upon  forecast  as  well  as  actual  conditions,  and  there 
may  well  be  a  sizable  difference  between  the  percentage  of 
the  time  the  wind  at  a  given  base  is  forecast  to  be  above  a 
certain  speed  and  the  percentage  of  the  time  that  it  is 
actually  above  that  speed. 

c)  AIA  recommended  a  30-knot  cross  wind. 

The  requirement  generally  has  been  interpreted  to  specify  ability  to 
land  in  the  stated  cross  wind  with  essentially  zero  crab.  The  side-load 
capacity  of  conventional  landing  gear  is  normally  designed  (MIL-A-8862)  only 
to  allow  a  margin  for  decrabbing  inaccuracies  in  service  use,  in  attempted 
zero-crab  touchdowns. 
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3. 3. 7.1  FINAL  APPROACH  IN  CROSS  WINDS 


REQUIREMENT 

3. 3. 7.1  Final  approach  in  cross  winds.  For  all  airplanes  except  land-based 
airplanes  equipped  with  cross-wind  landing  gear,  or  otherwise  constructed  to 
land  in  a  large  crabbed  attitude,  rudder  and  aileron-control  power  shall  be 
adequate  to  develop  at  least  10  degrees  of  sideslip  (3.3.6)  in  the  power 
approach  with  rudder  pedal  forces  not  exceeding  the  values  specified  in  3.3.7. 
For  Level  1,  aileron  control  shall  not  exceed  either  10  pounds  of  force  or 
75  percent  of  control  power  available  to  the  pilot.  For  Levels  2  and  3, 
aileron- control  force  shall  not  exceed  20  pounds. 

RELATED  MIL-F-878S  PARAGRAPHS 

3.4.11.1,  3. 4. 6. 2,  3.4.7 
DISCUSSION 

This  paragraph  combines  the  requirements  of  paragraph  3.4.11.1  and 
parts  of  3.  ’.6.2  and  3.4.7  of  MIL-F-8785,  and  incorporates  them  into  the 
cross-wind  section.  The  requirements  are  relatively  unchanged  but  have  been 
expanded  to  cover  various  levels.  The  concession  to  airplanes  with  cross-wind 
gear  was  retained  intact  as  a  practical  matter,  although  its  deletion  was 
suggested  so  that  there  would  be  some  requirement  for  such  airplanes.  In 
operational  experience,  10  degrees  of  sideslip  has  often  been  needed  as  a  bare 
minimum  capability.  See  the  discussion  of  control  power  under  3. 3. 6. 3. 2. 
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3. 3. 7. 2  TAKEOFF  RUN  AND  LANDING  ROLLOUT  IN  CROSS  WINDS 


REQUIREMENT 

3. 3. 7. 2  Takeoff  run  and  landing  rollout  in  cross  winds.  Rudder  and  aileron 
control  power,  in  conjunction  with  other  normal  means  of  control,  shall  be 
adequate  to  maintain  a  straight  path  on  the  ground  or  other  landing  surface. 
This  requirement  applies  in  calm  air  and  in  cross  winds  up  to  the  values 
specified  in  table  XI,  with  cockpit  control  forces  not  exceeding  the  values 
specified  in  3. 3. 7. 

RELATED  MIL-F-878S 

3.4. 13 


DISCUSSION 

This  requirement  is  taken  relatively  unchanged  from  paragraph  3.4.  3 
of  MIL-F-8785.  Although  propeller  torque  and  slipstream  prevented  some 
World  War  II  fighters  from  meeting  such  a  requirement,  that  lack  was  always 
undesirable. 
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3.3. 7.2.1  COLD-  AND  WET -WEATHER  OPERATION 


REQUIREMENT 

3. 3. 7. 2.1  Cold-  and  wet-weather  operation.  The  requirements  of  3. 3. 7. 2  apply 
on  wet  runways  for  all  airplanes,  and  on  snow-packed  and  icy  runways  for  air¬ 
planes  intended  to  operate  under  such  conditions.  If  compliance  is  not 
demonstrated  under  these  adverse  runway  conditions,  directional  control  shall 
be  maintained  by  use  of  aerodynamic  controls  alone  at  all  airspeeds  above 
50  knots  for  Class  IV  airplanes  and  above  30  knots  for  all  others.  For  very 
slippery  runways,  the  requirement  need  not  apply  for  cross-wind  components 
at  which  the  force  tending  to  blow  the  airplane  off  the  runway  exceeds  the 
opposing  tire-runway  frictional  force  with  the  tires  supporting  all  of  the 
airplane's  weight. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.4. 13.2 
DISCUSSION 

This  requirement  is  similar  to,  but  expands  upon,  paragraph  3.4.13.2 
of  MIL-F-8785  to  take  into  account  operation  from  wet  or  very  slippery  runways. 
The  need  for  the  requirements  is  obvious.  The  low-speed  limits  for  aerodynamic 
control  are  based  upon  operational  experience. 

Some  airplanes  having  large  side  area  tend  to  be  blown  sideways  when 
there  are  high  cross-wind  components  combined  with  very  slippery  runways.  Under 
these  circumstances  it  would  be  unreasonable  to  require  the  airplane  to  take 
off,  so  the  cross-wind  component  for  which  the  requirement  applies  is  reduced 
from  that  contained  in  Table  XI  to  that  value  above  which  the  airplane  would  be 
blown  off  the  runway  with  the  tires  supporting  all  of  the  airplane's  weight. 

When  analyzing  an  airplane  design  for  compliance  with  this  requirement,  however, 
the  expected  variations  in  lift,  side  force,  and  cornering  force  (tire-runway 
side  force)  with  speed  and  load  should  be  used. 


360 


3. 3. 7. 2. 2  CARRIER-BASED  AIRPLANES 


REQUIREMENT 

3. 3. 7. 2. 2  Carrier-based  airplanes.  All  carrier-based  airplanes  shall  be 
capable  of  maintaining  a  straight  path  on  the  ground  without  the  use  of  wheel 
brakes,  at  airspeeds  of  30  knots  and  above,  during  takeoffs  and  landings  in 
a  90-degree  cross  wind  of  at  least  10  percent  Vg(L).  Cockpit  control  forces 
shall  be  as  specified  in  3.3.7. 

RELATED  MIL-F-8785 

3.4. 13. 1 

DISCUSSION 

This  requirement  is  taken  relatively  unchanged  from  paragraph 
3.4. 13. 1  of  MIL-F-8785. 


3. 3. 7. 3  TAXIING  WIND  SPEED  LIMITS 


l 


REQUIREMENT 

3. 3. 7. 3  Taxiing  wind  speed  limits.  It  shall  be  possible  to  taxi  at  any 
angle  to  a  35-knot  wind  for  Class  I  airplanes  and  to  a  45-knot  wind  for 
Class  II,  III,  and  IV  airplanes. 

RELATED  MIL- F- 8785  PARAGRAPHS 

3.5.2 

DISCUSSION 

This  paragraph  replaces  and  expands  upon  paragraph  3.5.3  of 
MIL-F-8785.  The  conditions  under  which  it  must  be  possible  to  taxi  have  been 
specified  since  there  is  generally  no  point  in  being  able  to  take  off  or  land 
in  a  given  cross  wind  if  the  aircraft  cannot  be  taxied.  The  wind  speeds 
specified  are  a  compromise  between  what  is  desired  and  what  is  reasonable  to 
require. 
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3.3.8  LATERAL- DIRECTIONAL  CONTROL  IN  DIVES 


REQUIREMENT 

3.3.8  Lateral-directional  control  in  dives.  Rudder  and  aileron  control  power 
shall  be  adequate  to  maintain  wings  level  and  sideslip  zero,  without  retrim¬ 
ming,  throughout  the  dives  and  pullouts  of  3. 2. 3. 5  and  3. 2. 3.6.  In  the  Service 
Flight  Envelope,  aileron  control  forces  shall  not  exceed  20  pounds  for 
propeller-driven  airplanes  nor  10  pounds  for  other  airplanes.  Rudder  pedal 
forces  shall  not  exceed  180  pounds  for  propeller- driven  airplanes  nor  50  pounds 
for  other  airplanes. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.4.15,  3.4.16.6 

DISCUSSION 

This  paragraph  replaces  paragraphs  3.4.15  and  3.4.16.6  of  MIL-F-8785 
and  has  combined  them  into  one  paragraph.  The  major  change  is  that  allowable 
rudder  pedal  forces  have  been  made  a  function  of  type  of  propulsion  as  was 
done  in  paragraphs  3. 3. 5.1  and  3. 3. 5. 2  of  Reference  Al.  Otherwise,  the 
required  levels  of  controllability  have  stood  the  test  of  time. 


3.3.9  LATERAL -DIRECTIONAL  CONTROL  WITH  SYMMETRIC  THRUST 


REQUIREMENT 

3.3.9  Lateral-directional  control  with  asymmetric  thrust.  Asymmetric  loss  of 
thrust  may  be  caused  by  many  factors  including  engine  failure,  inlet  unstart, 
propeller  failure,  or  propeller-drive  fuilure.  Following  sudden  asymmetric 
loss  of  thrust  from  any  factor,  the  airplane  shall  be  safely  controllable. 

The  requirements  of  3.3.9  1  through  3.3.9. 4  apply  for  the  appropriate  Flight 
Phases  when  any  single  fc  1  re  or  mal performance  of  the  propulsive  system, 
including  inlet  or  exhaust,  causes  loss  of  thrust  on  one  or  more  engines  or 
propellers,  considering  also  the  effect  of  the  failure  or  malperformance  on 
all  subsystems  powered  or  driven  by  the  failed  propulsive  system. 

RELATED  MIL-F-878S  PARAGRAPHS 

3.4.10,  3.4.12 

DISCUSSION 

The  requirements  in  this  section  replace  and  oxpand  upon  paragraphs 

3.4.10  and  3,4.12  of  MIL-F-8785.  Circumstances  are  recognized  in  which  failure 
or  malperformance  of  one  item  can  have  multiple  consequences.  Several  of  the 
new  requirements  are  based  upon  existing,  or  proposed,  civil  aviation  require¬ 
ments  and  have  been  incorporated  into  the  specification  upon  the  recommendation 
of  governmental  agencies. 

Generally,  all  the  possible  consequences  of  propulsion-system  failures 
must  be  considered.  For  example,  inlet  unstart  may  cause  a  pitch  disturbance. 
In  that  case  the  qualitative  requirement  of  3.4.9  must  be  met.  Another  kind 
of  failure  is  represented  by  damage  to  other  parts  of  the  airplane  caused  by 
thrown  turbine  blades:  for  example,  hydraulic  lines  should  be  routed  (or 
enough  armor  used)  so  that  thrown  engine,  fan  or  propeller  parts  cannot  sever 
all  hydraulic  systems  needed  for  flight  control. 


t 


* 


3.3.D.1  THRUST  IASS  IHffllNG  TAKIiOI-T  HUN 
RliQIII  RliMFNT 

3.3,9. 1  Timm  loss  during  takeoff  run.  It  shall  he  possible  for  the  pilot 
to  maintain  control  of  an  airplane  on  the  takeoff  surface  following  sudden  loss 
of  thrust  from  the  most  critical  factor.  Thereafter,  it  shall  he  possible  to 
achieve  and  maintain  a  straight  path  on  the  takeoff  surface  without  a  deviation 
of  more  than  SO  feet  from  the  path  originally  intended,  with  rudder  pedal  forces 
not  exceeding  180  pounds,  for  the  continued  takeoff,  the  requirement  shall 
be  met  when  thrust  is  lost  at  speeds  from  the  refusal  speed  (hasod  on  the 
shortest  runway  from  which  the  airplane  is  designed  to  operate)  to  the  maximum 
takeoff  speed,  with  takeoff  thrust  maintained  on  the  operative  engine(s),  using 
only  elevator,  aileron,  and  rudder  controls.  For  the  aborted  takeoff,  the 
requirement  shall  be  met  at  all  speeds  below  the  maximum  takeoff  speed;  how¬ 
ever,  additional  controls  such  as  nosewheel  steering  and  differential  braking 
may  he  used  in  either  case. 

Hlil.ATlii)  Ml  I,- F-  8785  PARAGRAPHS 

3.4.  10 
DISCUSSION 

Ibis  requirement  oxpands  on  the  first  sentence  of  paragraph  3.4.10  of 
Ml!,- P-8785  by  incorporating  some  ideas  from  paragraph  3. 4. 2. 3  of  ICAO  Circular 
75-AN/65  (Reference  A7) ,  paragraph  25.149  of  FAR  25  (Reference  A6) ,  and 
aircraft  manufacturers'  comments.  While  the  requi rement  of  Reference  A1  is 
more  specific  than  the  corresponding  requirement  in  M1L-F-8785,  it  is  still 
basically  a  qualitative  rather  than  a  quantitative  requirement.  This  is 
considered  to  be  the  best  approach  at  this  time  in  light  of  the  many  variables 
that  would  have  to  be  considered  in  specifying  a  strictly  quantitative 
requirement.  The  objective  of  the  requirement  is  to  ensure  that,  following 
loss  of  thrust  during  the  takeoff  run,  the  pilot  can  either  safely  abort  or 
safely  continue  tbe  takeoff. 
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.V-S.tt.i  THRUST  10SS  AFTER  TAKI-OI-F 
REQUIREMENT 

3,  3.9. 2  Thrust  loss  after  takeoff.  During  takeoff,  It  shall  he  possible  with¬ 
out  a  change  in  selected  configuration  to  achieve  straight  (light  following 
sudden  asymmetric  loss  of  thrust  from  the  most  critical  factor  at  speeds  from 
VL.  (TO.)  to  V(i>  fTO) ,  and  thereafter  to  maintain  straight  flight  throughout 

the  climb-out.  The  rudder  pedal  force  required  to  maintain  straight  flight 
with  asymmetric  thrust  shall  not  oxceed  180  pounds.  Aileron  control  shall  not 
exceed  either  the  force  limits  specified  in  3. 3,4. 2  or  75  percent  of  available 
control  power,  with  takooff  thrust  maintained  on  the  operative  englno(s)  and 
trim  at  normal  settings  for  takeoff  with  symmetric  thrust.  Automatic  devices 
which  normally  operate  in  the  event  of  a  thrust  failure  may  bo  used,  and  the 
airplane  may  bo  banked  up  to  5  degrees  away  from  the  inoperative  engine. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.4. 12 


DISCUSSION 

This  requirement  is  based  primarily  on  paragraph  3.4.12  of  MIL-F-8785 
but  borrows  ideas  from  paragraph  25.139  of  FAR  Part  25  (Reference  A6)  and 
paragraph  3.4.2  of  ICAO  Circular  75-AN/65  (Reference  A7) .  The  object  of  the 
requirement  is  to  ensure  that  following  thrust  loss  after  takeoff,  the  pilot 
c.an  safely  continue  climb-out.  The  intent  is  that  vminCTO)  normally  should  be 

set  by  other  considerations  and  adequate  control  provided  down  to  that  speed. 
This  replaces  the  1.2  Vs(TO)  minimum  control  speed  of  MIL-F-8785.  The 
straight  flight  path  is  not  required  to  be  parallel  to  the  runway.  Because 
the  pilot  must  have  at  least  25%  excess  roll  control  power,  Reference  A1 ,  like 
MIL-F-8785,  is  more  stringent  than  the  FAR  (see  the  discussion  of  control 
power  under  3. 3. 6. 3. 2). 

The  effect  of  thrust  loss  on  rate  of  climb  is  a  subject  for  performance 
specifications,  rather  than  flying  qualities  specifications.  The  concern  of 
Reference  A1  and  its  predecessors  has  been  to  assure  control  of  the  flight 
path,  whatever  its  inclination. 
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3.5.9. 3  TRANS  I P.NT  E FFECTS 
REQUIREMENT 

3. 3. 9. 3  Transient  affects.  The  airplane  motions  following  sudden  asymmetric 
loss  of  thrust  shall  be  such  that  dangerous  conditions  can  be  avoidei  by 
pilot  corrective  action.  A  realistic  time  delay  (3.4.9)  of  at  least  1  second 
shall  be  considered. 

IU: LATE l)  MIL-F-8785  PARAGRAPHS 


3.4.  10 
DISCUSSION 

This  requirement  expands  on  the  first  sentence  of  paragraph  3.4.10 
of  MIL-F-8785  by  incorporating  some  ideas  from  paragraph  3, 4. 2. 3  of 
Reference  A7,  paragraph  25.149  of  Reference  A6,  and  from  aircraft  manufacturers' 
comments.  While  the  requirement  of  Reference  A1  is  more  specific  than  the 
corresponding  requirement  in  MIL-F-8785,  it  is  still  basically  a  qualitative 
rather  than  a  quantitative  requirement.  Ihis  is  considered  to  be  the  best 
approach  at  this  time  in  light  of  the  many  variables  that  would  have  to  be 
considered  in  specifying  a  strictly  quantitative  requirement.  From  3.4.9, 

"This  time  delay  should  include  an  interval  between  the 
occurrence  of  the  failure  and  the  occurrence  of  a  cue  such 
as  acceleration,  rate  displacement,  or  sound  that  will 
definitely  indicate  to  the  pilot  that  a  failure  has  occurred, 
plus  an  additional  interval  which  represents  the  time  required 
for  the  pilot  to  diagnose  the  situation  and  initiate  corrective 
action." 

Depending  upon  expected  initial  pilot  alertness  and  tightness  of  control,  the 
magnitude,  timing  and  unambiguity  of  pilot  cues,  and  the  type  and  variety  of 
pilot  action  required,  one  second  might  be  quite  unrealistically  short. 
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3. 3. 9. 4  ASYKMETRIC  THRUST  -  RUDDER  PEDALS  FREE 


REQUIREMENT 

3. 3.9.4  Asymmetric  thrust  -  rudder  pedals  free.  The  static  directional 
stability  shall  be  such  that  at  all  speeds  above  1.4  Vmin,  with  asymmetric 

loss  of  thrust  from  the  most  critical  factor  while  the  other  engine(s)  develop 
normal  rated  thrust,  the  airplane  with  rudder  pedals  free  may  be  balanced 
directionally  in  steady  straight  flight.  The  trim  settings  shall  be  those 
required  for  wings-level  straight  flight  prior  to  the  failure.  Aileron- 
control  forces  shall  not  exceed  the  Level  2  upper  limits  specified  in  3. 3. 4. 2 
for  Levels  1  and  2  and  shall  not  exceed  the  Level  3  upper  limits  for  Level  3. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.4.10 

DISCUSSION 

This  requirement  replaces  most  of  paragraph  3.4.10  of  MIL-F-8785. 
Although  paragraph  3.4.10  of  MIL-F-8785  is  a  requirement  on  transient  response 
following  sudden  engine  failure,  the  requirement  is  also  directed  at  static 
directional  stability  and  is  thus  of  fundamental  importance.  The  transient 
response  requirement  has  been  covered  directly  in  paragraph  3.3.9. 3  as 
discussed  previously.  The  present  wording  in  paragraph  3. 3.9. 4  of  Reference 
A1  is  almost  identical  to  that  in  paragraph  5.2.4  of  Reference  A18,  the 
predecessor  of  MIL-F-8785,  and  ensures  a  match  between  upsetting  yawing  moments 
due  to  asymmetric  thrust  and  restoring  moments  from  static  directional  stability. 
The  wording  of  paragraph  5.2.4  of  SR-119B  and  1815B  is: 

"5.2.4  The  amount  of  rudder-free  directional  stability 
on  multi-engine  airpl^  ?s  in  configuration  P  shall  be  such 
that  at  all  speeds  al  ■«  1.4  Vc  with  the  more  critical 

u 

outboard  engine  inoperative  (propeller  windmilling,  with 
propeller  pitch  control  in  the  "low-pitch"  setting)  and 
the  other  engine  or  engines  developing  normal  rated  power, 
the  airplane  with  rudder  free  may  be  balanced  directionally 
in  steady  straight  flight  by  sideslipping  and  banking.  The 
weight  shall  be  as  specified  in  5.2.1  and  the  trim  settings 
shall  bC'.those  required  for  wings-level  straight  flight  in 
the  test  condition  prior  to  cutting  the  engine." 

Bank  angle  is  a  more  generally  prominent  and  natural  parameter  for  the  pilot 
to  control  in  this  situation  than  is  yaw  or  sideslip. 
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3. 3.9. 5  TWO  ENGINES  INOPERATIVE 


REQUIREMENT 

3. 3.9.5  Two  engines  inoperative.  With  any  engine  initially  failed,  it  shall 
be  possible  upon  failure  of  the  most  critical  remaining  engine  to  stop  the 
transient  motion  at  the  one-engine-out  speed  for  maximum  range,  and  thereafter 
to  maintain  straight  flight  from  that  speed  to  the  speed  for  maximum  range 
with  both  engines  failed.  In  addition,  it  shall  be  possible  to  effect  a  safe 
recovery  at  any  service  speed  above  V  (CL)  following  sudden  simultaneous 

min 

failure  of  the  two  critical  failing  engines. 

RELATED  MIL-F-8785  PARAGRAPH 
None 

DISCUSSION 

This  requirement  is  new  and  is  based  on  paragraph  25.69  of  Reference 
A6  and  paragraph  3.5.6  of  Reference  A7.  A  requirement  in  the  area  has  been 
included  at  the  request  of  governmental  agencies. 


3,4  -  MISCELLANEOUS  FLYINQ1QUALITIES 


MISCELLANEOUS  FLYING  QUALITIES 


DISCUSSION 

Section  3.4  consists  of  those  flying  qualities  aspects  which  are 
important,  but  which  defy  classification  as  primarily  longitudinal,  lateral- 
directional  or  control -system  characteristics,  because  of  the  complex  nature 
of  the  subject  treated,  most  of  the  requirements  are  qualitative  in  nature. 

The  subjects  treated  in  this  section  were  taken  from  various  parts  of 
MIL-F-8785,  primarily  Section  3.6.  The  subjects  include  stalls,  spins,  buffet, 
inertial  coupling,  control  harmony,  release  of  stores,  and  armament  delivery. 
Most  of  the  changes  from  the  requirements  of  MIL-F-8785  were  the  direct  result 
of  comments  from  industry,  the  Air  Force,  and  the  Navy. 


3.4.1 


APPROACH  TO  DANGEROUS  FLIGHT  CONDITIONS 


REQUIREMENT 

3.4.1  Approach  to  dangerous  flight  conditions.  Dangerous  conditions  may 
exist  where  the  airplane  should  not  be  flown,  When  approaching  these  flight 
conditions,  it  shall  be  possible  by  clearly  discernible  means  for  the  pilot  to 
recognize  the  impending  dangers  and  take  preventive  action.  Final  determination 
of  the  adequacy  of  all  warning  of  impending  dangerous  flight  conditions  will 

be  made  by  the  procuring  activity,  considering  functional  effectiveness  and 
reliability.  Devices  may  be  used  to  prevent  entry  to  dangerous  conditions 
only  if  the  criteria  for  their  design,  and  the  specific  devices,  are  approved 
by  the  procuring  activity. 

3.4. 1.1  Warning  and  indication.  Warning  or  indication  of  approach  to  a 
dangerous  condition  shall  be  clear  and  unambiguous.  For  example,  a  pilot  must 
be  able  to  distinguish  readily  among  stall  warning  (which  requires  pitching 
down  or  increasing  speed),  Mach  buffet  (which  may  indicate  a  need  to  decrease 
speed),  and  normal  airplane  vibration  (which  indicates  no  need  for  pilot 
action).  If  a  warning  or  indication  device  is  required,  functional  failure  of 
the  device  shall  be  indicated  to  the  pilot. 

3. 4. 1.2  Prevention.  As  a  minimum,  dangerous-condition-prevention  devices 
shall  perform  their  function  whenever  needed,  but  shall  not  limit  flight  within 
the  Operational  Flight  Envelope.  Hazardous  operation,  normal  or  inadvertent, 
shall  never  be  possible.  For  Levels  1  and  2,  neither  hazardous  nor  nuisance 
operation  shall  be  possible. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

Paragraphs  3.4.1  and  3.4. 1.1  were  deemed  necessary  to  ensure  that  the 
pilot  is  properly  warned  when  approaching  dangerous  flight  conditions, 
particularly  near  the  extremes  of  the  flight  envelopes.  Wide  latitude  for 
approval  or  disapproval  has  been  given  the  procuring  activity  because,  first, 
the  need  for  warning  may  not  become  appa..0'’*  until  late  in  the  development 
program  (or  after  it)  and,  second,  because  generally  each  such  device  will 
have  to  be  tailored  to  a  specific  set  of  coiditions.  The  procuring  activity 
thus  has  a  responsibility  to  establish  specific  criteria  at  the  earliest  possible 
time,  to  supplement  these  general  requirements. 

Paragraph  3.4. 1.2  is  designed  to  discourage  prevention  devices  which 
create  more  problems  than  they  solve. 

These  requirements  clearly  apply  to  stall  warning  and  prevention  devices, 
as  well  as  to  other  cases. 
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3.4.2  STALLS 


REQUIREMENT 

3.4.2  Stalls .  The  requirements  of  3.4.2  through  3.4. 2.4.1  are  to  assure  that 
the  airflow  separation  induced  by  high  angle  of  attack,  which  causes  loss  of 
aerodynamic  lift  or  control  about  any  one  axis,  does  not  result  in  a  dangerous 
or  mission-limiting  condition.  The  stall  is  further  defined  in  terms  of  speed 
and  angle  of  attack  in  6.2.2  and  6.2.5  respectively. 

RELATED  MIL- F- 8785  PARAGRAPHS 

3.6.2,  3.6.2. 1,  3. 6. 2. 2 
DISCUSSION 

The  requirements  under  Section  3.4.2  are  a  rework  of  the  requirements 
under  Section  3.6  of  MIL-F-8785.  Many  minor  changes  have  been  made,  including 
a  more  complete  definition  of  the  stall  warning  range.  The  major  changes  are 
in  the  definition  of  stall  speed. 

Since  the  definition  of  stall  speed  is  not  a  requirement,  it  was  moved 
to  6.2  of  the  notes,  where  it  belongs.  There  are  three  major  changes  in  the 
definition  of  V^: 

1.  The  aspects  of  the  definition  of  Vg  discussed  in  3.6. 2. 2 
of  MIL-F-8785  (limited  elevator  effectiveness,  visibility, 
rate  of  sink,  etc.)  seemed  more  appropriate  to  define 
minimum  service  speed  than  Vg,  and  were  therefore  included 
in  3. 1.8. 2. 

2.  In  order  to  define  a  single  value  of  Vg  for  a  given 
configuration  and  loading,  a  thrust  setting  is  specified 
for  the  configurations  associated  with  each  flight  phase. 

3.  Because  the  stall  speed  of  interest  is  the  speed  at 

which  loss  of  control  is  achieved  with  unity  load  factor 
normal  to  the  flight  path,  a  correction  factor  devised  by 
the  ICAO  is  to  be  used  in  flight  test  when  -n.£  1  at  the 
stall.  * 

A  subtle  change  in  the  definition  of  Vg  is  that  MIL-F-8785  referred  to  the 
speed  at  which  ^  occurs  and  the  speed  at  which  loss  of  control  occurs  as 
if  the  two  speeds  were  the  same.  The  new  definition  of  Vg  picks  the  higher 
speed,  recognizing  that  these  two  events  do  not  necessarily  occur  at  the  same 
speed.  A  further  limit  recognized  for  Vg  is  intolerable  buffet,  which  might 
start  at  an  even  higher  speed.  This  change  in  definition  is  important  for 
some  airplanes  because  designers  tend  to  define  Vs  only  in  terms  of  C, 

'  Z  -rrxvt 

Note  that  6.2.2  defines  Vs  in  essentially  constant-speed  flight,  to 
minimize  unsteady  aerodynamic  effects.  Appreciable  rates  of  speed  reduction 
generally  result  in  demonstrating  a  "Vs"  lower  than  the  required  value. 
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3.4. 2.1  REQUIRED  CONDITIONS 


REQUIREMENT 

3.4. 2.1  Required  conditions.  The  requirements  for  stall  characteristics  apply 
for  all  Airplane  Normal  States  in  straight  unaccelerated  flight,  and  in  turns 
and  pullups  with  normal  acceleration  up  to  nomax-  Specifically,  the  Airplane 
Normal  States  associated  with  the  configurations,  throttle  settings,  and  trim 
settings  of  6.2.2  shall  be  investigated;  also,  the  requirements  apply  to 
Airplane  Failure  States  that  affect  stall  characteristics. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.6.1 


DISCUSSION 

Paragraph  3. 4. 2.1  is  a  rewrite  of  3.6.1  of  MIL-F-8785.  All  references 
to  configurations,  loadings,  and  stores  were  deleted  because  they  would  be 
redundant  in  view  of  3.1.6. 

The  power  settings  associated  with  the  configurations  mentioned  in 

3.6.1  of  MIL-F-8785  are  very  specific  and  rather  arbitrary.  Since  the  power 
setting  can  have  a  strong  influence  on  the  stalling  characteristics,  especially 
for  propeller-driven  airplanes  or  airplanes  with  boundary -layer  control,  it 
was  deemed  necessary  to  choose  settings  consistent  with  the  Flight  Phase  under 
consideration. 

Another  change  from  MIL-F-8785  is  that  failures  of  the  airplane  systems 
must  be  considered.  Sticking  of  one  leading-edge  slat  in  dive-bombing  pull¬ 
outs  is  one  recent  example  of  an  intolerable  failure  or  malfunction.  The 
resulting  roll  is  so  severe  that  airplanes  have  been  lost. 
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3.4.2. 2  STALL  WARNING  REQUIREMENTS 


REQUIREMENT 

3. 4, 2. 2  Stall  warning  requirements.  The  stall  approach  shall  be  accompanied 
by  an  easily  perceptible  warning.  Acceptable  stall  warning  for  all  types  of 
stalls  consists  of  shaking  of  the  cockpit  controls,  buffeting  or  shaking 
of  the  airplane,  or  a  combination  of  both.  The  onset  of  this  warning  shall 
occur  within  the  ranges  specified  in  3.4. 2. 2.1  and  3. 4. 2. 2. 2  but  not  within 
the  Operational  Flight  Envelope.  The  increase  in  buffeting  intensity  with 
further  increase  in  angle  of  attack  shall  be  sufficiently  marked  to  be  noted 
by  the  pilot.  This  arning  may  be  provided  artifically  only  if  it  can  be 
shown  that  natural  stall  warning  is  not  feasible.  These  requiiements  apply 
whether  Vg  is  as  defined  in  6.2.2  or  as  allowed  in  3. 1.9.2. 1. 


3. 4. 2. 2.1 

Warning  speed  for  stalls  at  lg  normal 

to  the  flight  path.  Warning 

onset  for  stalls  at  lg  normal  to  the  flight  path 

shall  occur  between  the 

following  limits: 

Flight 

Minimum  Stall  Warning 

Maximum  Stall  Warning 

Phase 

Speed 

Speed 

Approach 

Higher  of  1.05Vg  or 

Higher  of  l.lOVg  or 

Vs  +  5  knots 

Vg  +  10  knots 

All  Other 

Higher  of  1.05Vg  or 

Higher  of  1.15VS  or 

Vg  +  5  knots 

Vg  +  15  knots 

3. 4. 2. 2. 2 

Warning  range  for  accelerated  stalls. 

Onset  of  stall  warning  shal 

occur  outside  the  Operational  Flight  Envelope  associated  with  the  Airplane 

Normal  State  and  within  the  following  angle-of-attack  ranges: 

Flight 

Minimum  Stall  Warning 

Maximum  Stall  Warning 

Phase 

Angle  of  Attack 

Angle  of  Attack 

Approach 

+  0.82  (<&-**) 

<*a  +  0.90 

All  Other 

*•  ♦  0.75  ) 

♦  0.90  (<*,-  <*) 

where  is 

the  stall  angle  of  attack  and  &o  is  the  angle  of  attack  for  zero 

lift  (  is 

defined  in  6.2.5;  may  be  estimated 

from  wind-tunnel  tests). 

RELATED  MIL 

-F-878S  PARACRAPHS 

3.6 

.3,  3.6. 3,1,  3. 6. 3. 2 
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DISCUSSION 


Operational  experience  shows  that  stall  warning  continues  to  be  an 
important  aspect  of  flying  qualities  for  all  airplanes.  It  is  particularly 
critical  if  the  stall  and  recovery  characteristics  are  not  entirely  satisfactory. 

Paragraphs  3. 4. 2. 2  and  3. 4. 2. 2.1  are  a  rewording  of  3.6.3  and  3.6. 3.1 
of  MIL-F-8785.  An  absolute  speed  margin  has  been  introduced  in  3. 4. 2. 2.1  so 
that  the  margin  is  more  realistic  for  airplanes  with  very  low  stall  speeds, 
such  as  STOL's.  The  5-knot  minimum  stall-warning  margin,  and  the  10-knot 
maximum  margin,  are  consistent  with  the  minimum  approach  speeds  reported  in 
Reference  C38:  the  higher  of  1.1  Vg  and  Vg  +  10  kt. 

Paragraph  3. 4. 2. 2. 2  has  been  introduced  to  ensure  that  the  pilot  has 
adequate  stall  warning  in  maneuvers,  as  well  as  in  straight  flight.  Angle 
of  attack,  rather  than  load  factor,  was  used  as  the  sta! 1- warning  reference 
here  because  some  airplanes  at  certain  flight  conditions  exhibit  a  rather 
wide  range  of  angle  of  attack  over  which  the  lift  coefficient  changes  relatively 
little.  Stall  warning  loses  its  impact  and  interferes  with  maneuvering  if  it 
occurs  at  an  angle  of  attack  too  far  below  the  stall,  as  has  been  demonstrated 
on  current  operational  airplanes.  This  requirement  is  most  necessary  for 
airplanes  of  Classes  I  and  IV,  but  is  important  for  Classes  II  and  III  as  well. 

Flight  measurement  of  oca  is  to  be  preferred,  and  often  is  easy;  but 
an  estimate  bafied  on  wind-tunnel  data  is  acceptable. 
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3. 4. 2. 3  STALL  CHARACTERISTICS 


REQUIREMENT 

3. 4. 2. 3  Stall  characteristics.  In  the  unaccelerated  stalls  of  3. 4. 2.1,  the 
airplane  shall  not  exhibit  uncontrollable  rolling,  yawing,  or  downward 
pitching  at  the  stall  in  excess  of  20  degrees  for  Classes  I,  II,  and  III,  or 
30  decrees  for  Class  IV  airplanes.  It  is  desired  that  no  pitch-up  tendencies 
occur  in  un;. icelerated  or  accelerated  stalls.  In  unaccelerated  stalls,  mild 
nose-up  pitch  may  be  acceptable  if  no  elevator  control  force  reversal  occurs 
and  if  no  dangerous,  unrecoverable,  or  objectionable  flight  conditions  results. 
A  mild  nose-up  tendency  may  be  acceptable  in  accelerated  stalls  if  the  opera¬ 
tional  effectiveness  of  the  airplane  is  not  compromised  and: 

a.  The  airplane  has  adequate  stall  warning 

b.  Elevator  effectiveness  is  such  that  it  is  possible  to  stop  the  pitch-up 
promptly  and  reduce  the  angle  of  attack,  and 

c.  At  no  point  during  the  stall,  stall  approach,  or  recovery  does  any  portion 
of  the  airplane  exceed  structural  limit  loads. 

The  requirements  apply  to  all  stalls  resulting  from  rates  of  speed  reduction 
up  to  4  knots  per  second.  The  stall  characteristics  will  be  considered 
unacceptable  if  a  spin  is  likely  to  result. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.6.4 


DISCUSSION 

The  requirements  of  3.4. 1.3  are  an  expansion  of  3.6.4  of  MIL-F-8785 
to  include  accelerated  stalls  and  to  treat  the  pitch-up  problem  in  more  detail. 
Otherwise,  the  limits  on  uncontrollable  rolling  or  pitching  seem  to  have  with¬ 
stood  the  passage  of  time.  It  seemed  rational  to  add  a  limit  on  uncontrollable 
yawing,  in  view  of  problems  that  have  been  experienced  with  post-stall  gyrations 
and  incipient  spins. 

Application  at  rates  of  speed  reduction  up  to  4  kt/sec  is  an  attempt  to 
account  for  any  deleterious  effects  of  unsteady  aerodynamics  on  stall  charac¬ 
teristics  . 


3. 4. 2. 4  STALL  RECOVERY  AND  PREVENTION 


REQUIREMENT 

3. 4. 2. 4  Stall  recovery  and  prevention.  It  shall  be  possible  to  prevent  the 
complete  stall  by  moderate  use  of  the  controls  at  the  onset  of  the  stall 
warning.  It  shall  be  possible  to  recover  from  a  complete  stall  by  use  of  the 
elevator,  aileron,  and  rudder  controls  with  reasonable  forces,  and  to  regain 
level  flight  without  excessive  loss  of  altitude  or  buildup  of  speed.  Throttles 
shall  remain  fixed  until  speed  has  begun  to  increase  when  an  angle  of  attack 
below  the  stall  has  been  regained.  In  the  straight-flight  stalls  of  3. 4. 2.1, 
with  the  airplane  trimmed  at  a  speed  not  greater  than  1 . 4V§  and  with  a  speed 
reduction  rate  of  at  least  4.0  knots  per  second,  elevator  control  power  shall 
be  sufficient  to  recover  from  any  attainable  angle  of  attack. 

3. 4. 2. 4.1  One- engine- out  stalls.  On  multiengine  airplanes,  it  shall  be 
possible  to  recover  safely  from  stalls  with  the  critical  engine  inoperative. 
This  requirement  applies  with  the  remaining  engines  at  up  to  thrust  for  level 
flight  at  1.4Vo,  but  these  engines  may  be  throttled  back  during  recovery. 

RELATED  MIL- F- 8785  PARAGRAPHS 

3.6.4. 1 

DISCUSSION  ! 

Paragraph  3.4. 2.4  is  essentially  the  same  as  3. 6. 4.1  of  MIL-F-8785. 

While  the  requirement  is  still  qualitative,  it  is  more  explicit  about  allowable 
use  of  controls.  As  in  3. 4. 2. 3,  a  range  of  rates  of  speed  reduction  is 
specified.  It  is  particularly  important  that  devices  such  as  pitch-up 
inhibitors  have  enough  anticipation  in  rapidly  entered  stalls. 

In  the  second  sentence  no  attempt  is  being  made  to  legislate  the 
primary  flight  control  technique  to  be  used  in  recovering  from  a  complete 
stall.  In  fact,  in  some  airplanes  an  attempt  to  use  rudder  and  aileron  control 
before  regaining  a  speed  margin  from  stall  (through  use  of  the  elevator  control) 
is  an  invitation  to  precipitate  a  spin.  All  the  flight  controls  should  be  of 
sufficient  effectiveness  and  power,  however,  that  their  use  in  a  safe,  orderly 
manner  will  result  in  prompt  recovery  from  the  stall. 

From  the  wording  of  the  last  sentence  of  3. 4. 2. 4,  compliance  with  that 
part  of  the  requirement  can  be  demonstrated  by  other  means  if  flight  test  is 
judged  too  dangerous.  Note  that  here  high  rates  of  entry  (1/ >4  kt/sec)  are 
required,  compared  to  the  lower  rates  (ty<4  kt/sec)  in  3. 4. 2. 3. 

Paragraph  3. 4. 2. 4.1  is  a  new  requirement  which  was  added  because  some 
multi-engine  airplanes  have  exhibited  rather  violent,  unacceptable  rolling 
tendencies  in  engine-out  stalls.  FAR  Part  25  (Reference  A6)  and  Part  23 
(Reference  A19)  each  have  a  similar  requirement. 
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3.4.3  SPIN  RECOVERY 


REQUIREMENT 

3.4.3  Spin  recovery.  If  spin  demonstration  is  required  by  MIL-S-25015  or 
MIL-D-8708, consistent  prompt  recoveries  shall  be  possible  from  all  modes  of 
incipient  and  fully  developed  erect  and  inverted  spins,  using  controls  as 
required  by  the  referenced  specifications.  If  such  controls  include  a  special 
spin  recovery  device,  that  device  shall  satisfy  the  following  additional 
requirements:  required  pilot  action  shall  be  easy,  consistent,  and  simple;  the 
device  shall  be  immediately  reusable  for  several  spins  on  the  same  flight. 
Recovery  control  forces  shall  not  exceed  250  pounds  rudder,  75  pounds  elevator, 
or  35  pounds  aileron. 

RELATED  MIL-F-8785  PARAGRAPHS 

3. .5.  1 

DISCUSSION 

The  requirements  of  3.5.1  of  MIL-F-8785  have  been  reworded  and  expanded 
somewhat.  Since  spins  are  not  normal  operational  maneuvers  for  most  airplanes, 
auxiliary  recovery  devices  are  sometimes  permitted;  but  on  operational  airplanes 
they  must  not  be  one-shot  devices  such  as  spin-recovery  parachutes.  Since  spins 
are  normal  maneuvers  for  trainers,  however,  auxiliary  devices  would  not  normally 
be  approved  for  trainers. 

It  is  good,  recommended  practice  to  require  spin  analysis,  spin-model 
tests,  or  both,  even  when  no  flight  demonstration  is  required.  Large  airplanes 
too  are  susceptible  to  inadvertent  spins,  so  pilots  should  know  at  least  the 
characteristics  in  spin  entry  and  the  effectivenesr  ^f  recovery  techniques. 
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3.4.4  ROLL- PITCH- YAW  COUPLING 


REQUIREMENT 

3.4.4  Roll-pitch-yaw  coupling.  For  Class  I  and  IV  airplanes  in  rudder-pedal- 
free,  elevator-control-fixed,  maximum-performance  rolls  through  360  degrees, 
entered  from  straight  flight  or  from  turns,  pushovers,  or  pullups  ranging 
from  Og  to  0.8  n^,  the  resulting  yaw  or  pitch  motions  and  sideslip  or  angle  , 

of  attack  changes  shall  neither  exceed  structural  limits  nor  cause  other 
dangerous  flight  conditions  such  as  uncontrollable  motions  or  roll  autorotation. 

During  combat-type  maneuvers  involving  rolls  through  angles  up  to  360  degrees, 
the  yawing  and  pitching  shall  not  be  so  severe  as  to  impair  the  tactical 
effectiveness  of  the  maneuver.  These  requirements  define  Level  1  and  Level  2 
operation.  For  Class  II  and  Class  III  airplanes,  these  requirements  apply  in 
rolls  through  120  degrees. 

RELATED  MiL-F-8785  PARAGRAPHS 

3.5.7 

DISCUSSION 

These  requirements  are  similar  to  those  of  3.5.7  of  MIL-F-8785.  Since 
the  maneuver  is  intended  to  expose  any  inertial  coupling  problems,  it  should 
be  a  reasonady  violent  maneuver.  For  this  reason,  the  maneuver  is  to  be  done 
with  full  lateral  control,  the  rudder  pedals  free,  and  the  elevator  stick 
fixed.  If  other  control  inputs  are  found  to  be  more  critical,  these  too  should 
be  investigated. 

The  maximum  load  factor  specified  for  maximum-performance  rolls  was 
changed  from  2/3  nL  in  MIL-F-8785  to  0.8  n^,  in  order  to  make  the  load  factor 
compatible  with  the  accelerated  roll  maneuvers  required  by  the  structures 
specification  (MIL-A-8861) .  The  maneuvers  are  still  not  entirely  compatible 
with  the  structural  requirements,  however,  because  the  bank  angles  required  by 
the  accelerated  rolls  of  MIL-A-8861  are  limited  to  180  degrees.  In  Reference 
Al,  the  bank  angle  change  specified  for  combat-type  rolls  was  increased  from 
180  degrees  to  360  degrees.  This  change  was  made  because  AFFTC  pilots  pointed 
out  that  360  degree  accelerated  rolls  are  currently  used  as  combat  maneuvers. 

Paragraph  3.5.7  of  MIL-F-8785  did  not  specify  which  airplane  classes  *— 

the  requirements  applied  to,  but  surely  the  intent  was  not  to  call  for  180° 
rolls  in  transport-type  airplanes.  The  maneuvers  required  for  Classes  II  and 
III  were  therefore  limited  to  120  degree  rolls,  which  are  more  typical  of 
extreme  maneuvers  for  low-to-medium- load- factor  airplanes. 

The  dynamics  of  the  pitch  and  yaw  coupling  associated  with  rapid  rolls 
are  complex  and  nonlinear.  In  general,  the  dynamics  involve  interactions 
among  the  airplane  inertia  properties,  aerodynamic  properties,  and  the  kinematics 
of  the  rolling  motion.  Because  of  the  complexities  involved,  no  attempt  has 
been  made  in  this  discussion  to  explain  the  mechanism  of  the  various  types  of 
pitch-roll-yaw  coupling.  Instead,  the  reader  is  referred  to  the  references 
in  the  L  section  of  the  Bibliography.  Also,  References  B42  and  B71  give  brief 
qualitative  explanations  of  the  subject.  *  * 
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3.4.5  CONTROL  HARMONY  AND  CONTROL  FORCE  COORDINATION 


requirement 

3.4.5  Control  harmony.  The  elovator  and  aileron  force  and  displacement 
sensitivities  and  breakout  forces  shall  be  compatible  so  that  intentional 
inputs  to  one  control  axis  will  not  cause  inadvertent  inputs  to  the  other. 

3. 4. 5.1  Control  force  coordination.  The  cockpit  control  forces  required  to 
perform  maneuvers  which  are  normal  for  the  airplane  should  have  magnitudes 
which  are  related  to  the  pilot's  capability  to  produce  such  forces  in  com¬ 
bination.  The  following  control  force  levels  are  considered  to  be  limiting 
values  compatible  with  the  pilot's  capability  to  apply  simultaneous  forces: 

Type  Control  Elevator  Ai leron  Rudder 

Center-stick  50  pounds  25  pounds  175  pounds 

Wheel  75  pounds  40  pounds  175  pounds 

RELATED  MIL-F-8785  PARAGRAPHS 

b.  5 

DISCUSSION 

These  paragraphs  represent  a  complete  rework  of  6.5  of  MIL-F-8785, 
since  there  are  several  aspects  of  6.5  which  seem  undesirable.  In  the  first 
place  it  would  be  preferable  that  no  rudder  inputs  at  all  be  required  for 
rolling  pullouts.  Secondly,  the  maneuver  described  is  too  precisely  defined 
for  the  very  qualitative  tone  of  the  paragraph. 

Control  harmony  has  several  aspects,  which  have  been  stated  in  the  new 
requirements.  One  problem  is  that  the  elevator  and  aileron  forces  must  be  in 
the  proper  ratio  for  gross  unsymmetrical  maneuvers,  to  enhance  proper 
coordination  of  the  maneuver.  Another  problem  is  that  unless  the  elevator 
and  aileron  control  sensitivities  and  breakout  forces  are  properly  matched, 
intentional  inputs  to  one  control  can  result  in  inadvertent  inputs  to  the 
other.  For  example,  many  heavy  airplanes  with  unboosted  controls  have  had 
aileron  fo’r Ce5"whi ch  were  much  too  high  with  respect  to  the  elevator  forces. 

As  a  result,  it  was  difficult  to  control  pitch  attitude  accurately  when  rolling 
rapidly  into  a  turn.  The  intent  of  3.4.5  is  to  prevent  this  situation. 

A  third  aspect  of  control  harmony  is  that  the  pilot  cannot  apply  forces 
simultaneously  to  all  three  controls  which  are  as  large  as  those  forces  which 
can  be  applied  to  one  control  at  a  time.  Paragraph  3,4.5. 1  is  concerned  with 
this  aspect  of  the  problem.  Since  there  was  no  indication  that  the  numbers 
should  be  changed,  the  values  were  taken  directly  from  MIL-F-8785. 
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3.4.6  BUFFET 


REQUIREMENT 

3.4.6  Buffet .  Within  the  boundaries  of  the  Operational  Flight  Envelope,  there 
shall  be  no  objectionable  buffet  which  might  detract  from  the  effectiveness  of 
the  airplane  in  executing  its  intcndod  missions. 

RELATED  MIL-F-878S  PARAGRAPHS 


3.1.3 


DISCUSSION 

This  requirement  is  extracted  from  3.1.3  of  MIL-F-878S.  The  need  for 
such  a  requirement  seems  obvious,  and  it  is  not  possible  to  be  more  definitive 
it  the  present  time. 
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3.4.7  RELEASE  OF  STORES 


3,4.8  EFFECTS  OF  ARMAMENT  DELIVERY  AND  SPECIAL  EQUIPMENT 
REQUIREMENT 

3.4.7  Release  of  stores.  The  intentional  release  of  any  stores  shall  not 
result  in  objectionable  flight  characteristics  for  Levels  1  and  2.  However, 

the  intentional  release  of  stores  shall  never  result  in  dangerous  or  intolerable 
flight  characteristics.  This  requirement  applies  for  all  flight  conditions 
and  store  loadings  at  which  normal  or  emergency  store  release  is  structurally 
permissible. 

3.4.8  Effects  of  armament  delivery  and  special  equipment.  Operation  of 
moveable  parts  such  as  bomb  bay  doors,  cargo  doors,  armament  pods,  refueling 
devices,  and  rescue  equipment,  or  firing  of  weapons,  release  of  bom^,  or 
delivery  or  pickup  of  cargo  shall  not  cause  buffet,  trim  changes,  or  other 
characteristics  which  impair  the  tactical  effectiveness  of  the  airplane  under 
any  pertinent  flight  condition.  These  requirements  shall  be  met  for  Levels  1 
and  2. 

RELATED  MIL-F-8785  PARAGRAPHS 
3.1.7,  3.1.6 
DISCUSSION 

Paragraph  3.4.7  is  a  rewording  of  3.1.7  of  MIL-F-8785.  It  is  a 
necessary  catchall  requirement.  Because  of  the  variety  of  possibilities  it 
must  be  left  qualitative. 

Paragraph  3.4.8  is  an  expansion  of  Z.x.i  of  MIL-F-8785.  The  slight 
di  ft'  rence  in  tone  between  3.4.7  and  3.4.8  is  the  result  of  design  and 
operational  experience. 
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3.4.9,  3.4, 10  FAILURES 


REQUIREMENT 

3.4.9  Transients  following  failures.  The  airplane  motions  following  sudden 
airplane  system  or  component  failures  shall  be  such  that  dangerous  conditions 
can  be  avoided  by  pilot  corrective  action.  A  realistic  time  delay  between  the 
failure  and  initiation  of  pilot  corrective  action  shall  be  incorporated  when 
determining  compliance.  This  time  delay  should  include  an  interval  between 
the  occurrence  of  the  failure  and  the  occurrence  of  a  cue  such  as  acceleration, 
rate,  displacement,  or  sound  that  will  definitely  indicate  to  the  pilot  that 

a  failure  has  occurred,  plus  an  additional  interval  which  represents  the  time 
required  for  the  pilot  to  diagnose  the  situation  and  initiate  corrective  action. 

3.4.10  Failures.  No  single  failure  of  any  component  or  system  shall  result 

in  dangerous  or  intolerable  flying  qualities;  Special  Failure  States  (3. 1.6.2. 1) 
are  excepted.  The  crew  member  concerned  shall  be  provided  with  immediate  and 
easily  interpreted  indications  whenever  failures  occur  that  require  or  limit 
any  flight  crew  action  or  decision. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.2.S 

DISCUSSION 

These  paragraphs  are  an  expansion  of  the  last  sentence  of  3.2.5  of 
MIL-F-8785.  The  requirements  should  be  self-explanatory,  and  the  need  self- 
evi dent. 


A  pilot,  especially  if  he  is  not  alert  for  failures,  may  not  detect  a 
failure  or  adapt  immediately.  In  some  cases  his  consequent  inability  to  adapt 
can  result  in  a  pi lot -airframe  closed-loop  instability,  even  if  the  airplane 
itself  remains  stable  (Reference  J18).  Allowance  for  this  phenomenon  should 
be  made  in  deciding  the  suitability  of  any  required  pilot  corrective  action. 
The  required  failure  indications  depend  on  operational  rules.  Consistent 
maintenance  and  check  out  capability  and  rules  should  be  established.  The 
flight  control  system  specification  should  also  be  consulted,  as  should  flight 
safety,  maintenance,  and  reliability  requirements. 

The  kinds  of  failures  that  might  be  excepted  from  the  requirement 
of  3.4.10  are  indicated  in  the  discussion  of  3. 1.6,1. 
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3.5  -  CHARACTERISTICS  OF  THE  PRIMARY  FLIGHT 
CONTROL  SYSTEM 


l 


4  4 


3.5  -  CHARACTERISTICS  OF  THE  PRIMARY  FLIGHT 
CONTROL  SYSTEM 

4  p.. 


3.5  CHARACTERISTICS  OF  THE  PRIMARY  FLIGHT  CONTROL  SYSTEM 


3.5.1  GENERAL 
REQUIREMENT 

3.5.1  General  characteristics.  As  used  in  this  specification,  the  term 
primary  flight  control  system  includes  the  elevator,  aileron  and  rudder  con¬ 
trols,  stability  augmentation  systems,  and  all  mechanisms  and  devices  that 
they  operate.  The  requirements  of  this  section  are  concerned  with  those 
aspects  of  the  primary  flight  control  system  which  are  directly  related  to 
flying  qualities.  These  requirements  are  in  addition  to  the  requirements  of 
the  applicable  control  system  design  specification,  e.g.,  MIL-F-9490  or 
MI  L-C- 18244. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

Section  3.5  deals  with  the  primary  flight  controls,  i.e.,  the  elevator, 
aileron,  and  rudder  systems  in  a  broad  sense.  The  requirements  include  the 
various  control  system  and  stability  augmentation  system  requirements  which 
were  scattered  throughout  MIL-F-8785,  many  of  which  were  essentially  duplications 
of  each  other. 

In  addition  to  changes  which  were  primarily  organizational,  several  new 
requirements  have  been  added  and  control  augmentation  has  been  recognized.  The 
major  additions  are  in  the  paragraphs  dealing  with  dynamic  characteristics. 

Note  the  expanded  scope  of  the  primary  flight  control  system  as  defined 
in  3.5.1.  Although  the  MIL-F-9490C(USAF)  definition  is  somewhat  different 
from  this,  the  next  revision  to  that  specification  is  planned  to  include 
critical  augmentation  functions  as  part  of  the  primary  flight  controls. 

Autopilot  specifications  often  contain  additional  flying  qualities 
requirements . 


3.S.2  MECHANICAL  CHARACTERISTICS 


REQUIREMENT 

3.5.2  Mechanical  characteristics.  Some  of  the  important  mechanical  charac¬ 
teristics  of  control  systems  (including  servo  valves  and  actuators)  are: 
friction  and  preload,  lost  motion,  flexibility,  mass  imbalance  and  inertia, 
nonlinear  gearing,  and  rate  limiting.  Requirements  for  these  characteristics 
are  contained  in  3.5.2. 1  through  3. 5. 2. 4.  Meeting  these  separate  requirements, 
however,  will  not  necessarily  ensure  that  the  overall  system  will  be  satis¬ 
factory;  the  mechanical  characteristics  must  be  compatible  with  the  non¬ 
mechanical  portions  of  the  control  system  and  with  the  airframe  dynamic 
characteristics . 

RELATED  MIL-F-8785  PARAGRAPHS 

6. 11 

DISCUSSION 

Some  of  the  discussion  in  6.11  of  MIL-F-8785  has  been  rewritten  and 
incorporated  into  3.5.2  to  form  an  introduction  to  the  following  four  paragraphs 
dealing  with  mechanical  characteristics. 


3. 5. 2.1  CONTROL  CENTERING  AND  BREAKOUT  FORCES 


REQUIREMENT 

3. 5. 2.1  Control  centering  and  breakout  forces.  Longitudinal,  lateral,  and 
directional  controls  should  exhibit  positive  centering  in  flight  at  any  normal 
trim  setting.  Although  absolute  centering  is  not  required,  the  combined  effects 
of  centering,  breakout  force,  stability,  and  force  gradient  shall  not  produce 
objectionable  flight  characteristics,'  such  as  poor  precision-tracking  ability, 
or  permit  large  departures  from  trim  conditions  with  controls  free.  Breakout 
forces,  including  friction,  preload,  etc.,  shall  be  within  the  limits  of 
table  XII.  The  values  in  table  XII  refer  to  the  cockpit  control  force  required 
to  start  movement  of  the  control  surface  in  flight  for  Levels  1  and  2;  the 
upper  limits  are  doubled  for  Level  3. 


Table  XII.  Allowable  Breakout  Forces,  Pounds 


Control 

Classes  I, 

II-C,  IV 

Classes  II-L,  III 

min 

max 

min 

max 

Elevator 

Stick 

1/2 

3 

1/2 

5  | 

Wheel 

1/2 

4 

1/2 

7 

Aileron 

Stick 

1/2 

2 

1/2 

4 

Wheel 

1/2 

3 

1/2 

6 

Rudder 

1 

7 

1 

14 

Measurement  of  breakout  forces  on  the  ground  will  ordinarily  suffice  in  lieu  of 
actual  flight  measurement,  provided  that  qualitative  agreement  between  ground 
measurement  and  flight  observation  can  be  established. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.2.1,  3.2. 1.1,  3.2. 1.2,  3.4.16.8 
DISCUSSION 

These  requirements  are  primarily  a  restatement  of  3.2.1,  3.2. 1.1, 
and  3.2. 1.2  of  MIL-F-8785,  with  the  class  breakdown  of  3.2.1  altered  somewhat 
because  of  the  new  format. 

With  absolute  centering,  a  cockpit  control  will  always  return  exactly 
to  its  trim  position  when  released.  Positive  centering  is  a  tendency  to 
return:  upon  release,  the  control  will  move  toward  the  trim  position  but 
friction  may  prevent  absolute  centering. 


Although  there  are  many  indications  that  breakout  forces  should  be  a 
function  of  control  force  sensitivity  (angular  acceleration  per  pound  of  force) 
or  some  other  . irce  gradient,  this  approach  was  not  used.  The  main  reason 
for  this  is  that  there  are  not  enough  data  (relating  breakout  forces  and 
sensitivity)  to  justify  the  additional  complication,  especially  when  measurement 
of  breakout  forces  is  usually  quite  imprecise  anyway. 

There  were  several  comments  from  airplane  manufacturers  stating  that 
the  rudder  breakout  forces  should  be  increased,  at  least  for  Classes  II-C 
and  IV.  A  rather  detailed  study  of  the  problem  was  conducted  in  Reference  A14, 
however,  which  concluded  that  the  present  requirements  were  quite  adequate. 

In  view  of  this  study,  the  rudder  breakout  forces  u->re  not  increased. 
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3. 5. 2. 2  COCKPIT  CONTROL  FREE  PLAY 
REQUIREMENT 

3. 5. 2. 2  Cockpit  control  free  play.  The  free  play  in  each  cockpit  control, 
that  is,  any  motion  of  the  cockpit  control  which  does  not  move  the  control 
surface  in  flight,  shall  riot  result  in  objectionable  flight  characteristics, 
particularly  for  small-amplitude  control  inputs. 

RELATED  MIL-F-8785  PARAGRAPHS 


3.2.4 


DISCUSSION 


This  requirement  is  a  straightforward  rewrite  of  3.2.4  of  MIL-F-8785. 

No  numerical  value  has  yet  been  found  that  appears  generally  adequate.  The 
allowable  free  play  would  seem  to  be  a  function  of  control-deflection  sensitivity 
(angular  acceleration  per  inch  or  degree  of  movement)  and  possibly  control-force 
sensitivity  as  well. 
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3.5.2.3  RATE  OF  CONTROL  DISPLACEMENT 
REQUIREMENT 

3. 5. 2.3  Rate  of  control  displacement.  The  ability  of  the  airplane  to  perform 
the  operational  maneuvers  required  of  it  shall  not  be  limited  in  the  atmospheric 
disturbances  specified  in  3.7  by  control  surface  deflection  rates.  For  powered 
or  boosted  controls,  the  effect  of  engine  speed  and  the  duty  cycle  of  both 
primary  and  secondary  controls  together  with  the  pilot  control  techniques 

shall  be  included  when  establishing  compliance  with  this  requirement. 

RELATED  MIL- F- 8785  PARAGRAPHS 

3.2.3,  3.7.1 
DISCUSSION 

Paragraph  3.2.3  and  the  last  sentence  of  3.7.1  of  MIL-F-8785  have 
been  included  in  this  paragraph.  An  additional  statement  was  included  (on 
the  basis  of  comments  from  aircraft  manufacturers)  to  point  out  that 
auxiliary  hydraulic  devices  may  use  up  significant  portions  of  the  available 
hydraulic  power  during  critical  phases  of  the  mission.  For  example,  actuation 
of  landing  gear,  flaps,  slats,  etc.,  during  the  landing  approach  when  the 
engines  are  operating  at  relatively  low  power  settings  could  drain  enough 
hydraulic  power  to  make  it  difficult  for  the  pilot  to  make  a  safe  approach, 
especially  in  turbulence.  In  other  flight  conditions  with  less  auxiliary 
demand  or  higher  engine  thrust,  however,  that  same  hydraulic  system  might  be 
more  than  adequate. 

In  precision  control  tasks  such  as  the  landing  approach  and  formation 
flying  it  has  been  observed  that  the  pilot  sometimes  resorts  to  elevator  stick 
pumping  to  achieve  better  precision  (see  References  D7,  E5 ,  and  D12) .  This 
technique  is  likely  to  be  used  when  the  short-period  frequency  is  less  than 
the  minimum  specified  or  if  the.  phugoid  is  unstable. 

While  specific  disturbances  are  listed,  the  evaluation  remains 
somewhat  qualitative. 

The  "required  operational  maneuvers"  are  commensurate  with  the  partic¬ 
ular  level  of  flying  qualities  under  consideration.  The  maneuvers  required 
in  Level  3  operation,  for  example,  will  normally  be  less  precise  and  more 
gradual  than  for  Level  1  and  2  operation.  In  some  cases  this  may  result  in 
lower  demands  on  control  authority  and  rates  for  Level  3  operation.  Note, 
however,  that  when  the  handling  characteristics  of  the  airplane  are  near  the 
Level  3  limits,  increased  control  activity  may  occur,  even  though  the  maneuvers 
are  more  gradual. 
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3 , 5 . 2 . 4  ADJUSTABLE  CONTROLS 


REQUIREMENT 

3.5.2. 4  Adjustable  controls.  When  a  cockpit  control  is  adjustable  for  pilot 
physical  dimensions  or  comfort,  the  control  forces  defined  in  6.2  refer  to 
the  mean  adjustment.  A  force  referred  to  any  other  adjustment  shall  not  differ 
by  more  than  10  percent  from  the  force  referred  to  the  mean  adjustment. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.2.2 

DISCUSSION 

This  paragraph  is  essentially  the  same  as  3.2.2  of  MIL-F-8785.  Some 
such  requirement  is  needed,  and  this  one  appears  reasonable  in  all  respects. 
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3.5.3  DYNAMIC  CHARACTERISTICS 
REQUIREMENT 

3.5.3  Dynamic  characteristics.  The  response  of  the  control  surfaces  in 
flight  shall  not  lag  the  cockpit  control  force  inputs  by  more  than  the  angles 
shown  in  table  XIII,  for  frequencies  equal  to  or  less  than  the  frequencies 
shown  in  table  XIII. 


Table  XIII.  Allowable  Control  Surface  Lags 


Level 

Allowable  Lag  ~  deg 

Category  A  and  C 
Flight  Phases 

Category  B 
Flight  Phases 

1  and  2 

30 

45 

3 

60 

Control 

Upper  Frequency ~ rad/sec 

elevator 

C 

"jp 

rudder  G 
aileron 

v-rt^  or  (whichever 

is  larger) 

The  lags  referred  to  are  the  phase  angles  obtained  from  steady-state  frequency 
responses,  for  reasonably  large -amplitude  force  inputs.  The  lags  for  very 
small  control-force  amplitudes  shall  be  small  enough  that  they  do  not  interfere 
with  the  pilot's  ability  to  perform  any  precision  tasks  required  in  normal 
operation. 

RELATED  MIL-F-8785  PARAGRAPHS 

6.11,  3.7.1 
DISCUSSION 

This  paragraph  is  an  expansion  of  the  last  sentence  of  6.11  of 
MIL-F-8785,  which  is  essentially  a  more  precise  way  of  expressing  the  last 
sentence  of  3.7.1  of  MIL-F-8785.  In  other  words,  the  pilot  should  get  prompt 
control  response  when  he  applies  a  force  at  the  stick. 

In  some  cases,  compliance  with  3.5,3  (and  3. 5. 3.1)  can  be  demonstrated 
by  obtaining  the  required  frequency  responses  on  the  ground.  In  most  cases, 
however,  the  effects  of  control-surface  aerodynamic  loads,  SAS  feedback,  or 
control  system  mass  unbalance  will  make  flight  testing  necessary.  If  flight 
tests  are  required,  they  can  be  combined  with  the  tests  of  3. 2. 2. 3.1.  The 
techniques  for  obtaining  in-flight  frequency  responses  are  briefly  discussed 
in  Appendix  IVF. 

In  a  simple,  approximately  linear  control  system,  the  lag  at  reasonably 
large  input  amplitudes  might  be  estimated  from  the  time  delay  in  surface 
response  to  a  rapid  cockpit- control  input,  multiplied  by  the  appropriate  upper 
frequency  or  inverse  time  constant,  and  converted  to  degree  measure. 
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There  are  two  basic  sources  of  lags  in  the  control  system  which  can 
cause  problems.  The  first  is  the  nonlinear  effect  of  friction  and  free  play. 
Normally,  friction  and  free  play  introduce  appreciable  phase  lag  only  at  low 
control  input  amplitudes,  and  therefore  cause  the  most  trouble  during  small 
precision  maneuvers  such  as  tracking.  The  second  source  of  lags  is  introduced 
by  the  linear  dynamics  of  the  control  system. 


In  the  1940's,  control  systems  were  generally  quite  fast;  and  the 
research  efforts  of  the  NACA  and  others  were  aimed  primarily  at  the  effects  of 
friction  and  free  play.  If  these  effects  were  kept  under  control,  the  control 
system  was  usually  satisfactory.  The  effects  of  friction  and  free  play  are 
hopefully  limited  by  3. 5. 2.1,  3. 5. 2. 2,  and  the  parts  of  3.5.3  and  3.5. 3.1 
dealing  with  very  small  force  inputs. 

With  the  advent  of  fully  powered,  highly  augmented  control  systems, 
the  lags  introduced  by  the  linear  dynamics  of  the  control  system  have  become 
very  important. 

There  are  suggestions  from  several  sources  that  an  overly  sensitive 
airplane  can  be  improved  by  filtering  the  pilot's  input  to  the  control 
surfaces.  References  B59,  J32,  and  J34,  for  example,  indicate  that  stick-force 
'  -  command  filtering  having  comer  frequencies  near  or  below  £J-nSP  can  significantly 
improve  the  response  characteristics  of  an  airframe  having  low  ^ or  highw^^  . 

A  recent  systematic  in-flight  evaluation  of  the  effects  of  control 
«  ,  system  dynamics  on  longitudinal  flying  qualities  is  the  experiment  of 
,  Reference  J59.  The  results  of  this  experiment  are  rather  startling  and  are  in 
direct  contradiction  to  the  ideas  discussed  above.  That  is,  even  relatively 
small  lags  in  the  control  system  can  cause  control  difficulties  and  moderate 
lags  can  cause  very  pronounced  pilot-induced  oscillations.  In  fact,  the  trend 
v  indicated  is  that  the  allowable  lag  decreases  with  increasing  It  is 

interesting  to  note  that  the  pronounced  piloting  difficulties  observed  in  this 
•  -  experiment  did  not  occur  in  a  similar  experiment  with  the  same  airplane 
stationary  on  the  ground  (see  Reference  J2). 

The  pilot  rating  data  of  Reference  J59  show  very  good  correlation 
with  either  of  two  somewhat  equivalent  control  system  parameters.  The  first 
is  an  equivalent  time  delay  divided  by  the  period  of  the  short-period  mode. 

The  second  is  the  phase  lag  at  a >  =  u)vjP  from  a  frequency  response  of 

['«  (j<o)  I f\s  The  latter  parameter  seems  to  be  more  useful  for  both  design 

and  test  purposes,  so  the  requirement  of  3.5.3  is  stated  in  this  form. 

The  results  of  Reference  J59  are  presented  in  Figures  1  through  3. 

Some  of  the  data  are  for  the  landing  approach  and  the  rest  are  for  Category  A 
Flight  Phases.  No  attempt  was  made  to  plot  the  approach  and  Category  A  data 
separately  because  there  is  no  significant  difference  between  the  two  sets. 

Pilot  B  used  the  standard  CAL  rating  scale  (see  the  discussion  of  1.5). 

"  Pilot  H  used  the  standard  CAL  rating  scale;  but  in  addition,  he  rated  the 
,  ,  susceptibility  of  the  airplane  to  pilot-induced  oscillations  using  the  following 
rating  scale: 
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PIO  TENDENCY  RATING  SCALE  (Reference  D3) 


Description  Numerical  Rating 

No  tendency  for  pilot  to  induce  undesirable  motions.  1 

Undesirable  motions  tend  to  occur  when  pilot  2 

initiates  abrupt  maneuvers  or  attempts  tight 
control.  These  motions  can  be  prevented  or 
eliminated  by  pilot  technique. 

Undesirable  motions  easily  induced  when  pilot  3 

initiates  abrupt  maneuvers  or  attempts  tight 
control.  These  motions  can  be  prevented  or 
eliminated  but  only  at  sacrifice  to  task  perform¬ 
ance  or  through  considerable  pilot  attention  and 
effort. 

Oscillations  tend  to  develop  when  pilot  initiates  4 

abrupt  maneuvers  or  attempts  tight  control. 

Pilot  must  reduce  gain  or  abandon  task  to  recover. 

Divergent  oscillations  tend  to  develop  when  pilot  5 

initiates  abrupt  maneuvers  or  attempts  tight 
control.  Pilot  must  open  loop  by  releasing  or 
freezing  the  stick. 

Disturbance  or  normal  pilot  control  may  cause  6 

divergent  oscillation.  Pilot  must  open  control 
loop  by  releasing  or  freezing  the  stick. 


The  phase  angle  limit  of  -30  degrees  for  Category  A  and  C  flight 
Phases  (Levels  1  and  2)  was  determined  from  Figures  1  and  2  for  a  pilot  rating 
of  3.5.  It  might  seem  logical  to  allow  a  value  of  -50  to  -60  degrees  for 
Level  2,  corresponding  to  a  pilot  rating  of  6.5.  This  was  not  done  because  the 
rating  degradation  for  lags  of  50  or  60  degrees  was  largely  due  to  PIO  tenden¬ 
cies,  as  can  be  seen  from  the  associated  PIO  ratings  of  3  to  4  (from  Figure  3). 
The  decision  was  made  not  to  allow  this  type  of  behavior  for  Level  1  or  2 
operation.  The  pilot  ratings  of  Figures  1  and  2  are  little  help  in  establish¬ 
ing  limits  for  Category  B  Flight  Phases  because  the  degradations  in  rating  are 
primarily  due  to  difficulties  in  performing  Category  A  Flight  Phases.  The  PIO 
ratings  of  Figure  3  can  be  used  to  establish  limits  for  Category  B,  however. 
When  a  PIO  rating  of  3  is  given  to  a  configuration,  it  means  that  the  pilot  is 
beginning  to  have  control  problems  when  "just  flying  around."  A  PIO  rating  of 
2,  on  the  other  hand,  seems  adequate  when  precise  control  is  not  needed.  The 
limit  for  Category  B  Flight  Phases,  Levels  1  and  2,  was  therefore  established 
by  using  a  PIO  rating  of  2.5.  From  Figure  3,  this  yields  a  phase  lag  of 
45  degrees.  The  limit  for  Level  3  could  be  set  by  using  a  pilot  rating  of  9. 
Since  PIO's  are  involved,  however,  a  PIO  rating  of  4  was  used  as  the  limit  for 
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Level  3,  since  this  seemed  compatible  with  the  requirement  of  3. 2. 2. 3.  Using 
Figure  3,  a  PIO  rating  of  4  yields  a  phase  lag  of  60  degrees. 

The  same  phase  lags  allowable  at  u)  -  t*>nSP  for  elevator  control  were 
applied  rather  arbitrarily  to  aileron  and  rudder  control  at  to- i/y  and  <k>-cj  , 
in  the  absence  of  definitive  data.  *  71 


3.5.3. 1  CONTROL  PH EL 


REQUIREMENT 

3.5.3. 1  Control  feel.  In  flight,  the  cockpit-control  deflection  shall  not 
lead  the  cockpit-control  force  for  any  frequency  or  force  amplitude.  This  re¬ 
quirement  applies  to  the  elevator,  aileron,  and  rudder  controls.  In  flight, 
the  cockpit-control  deflection  shall  not  lag  the  cockpit-control  force  by 
more  than  the  angles  listed  in  3.5.3,  for  frequencies  equal  to  or  less  than 
those  listed  in  3.5.3,  for  reasonably  large  force  inputs.  The  lags  for  very 
small  control-force  amplitudes  shall  not  interfere  with  the  pilot's  ability 
to  perform  precision  tasks  required  in  normal  operation. 

RELATED  MIL-F-8785  PARAGRAPHS 

6.11 

DISCUSSION 

The  first  requirement  of  3. 5. 3.1  is  aimed  at  normal -acceleration 
bobweights  and  other  devices  which  feed  back  the  airplane's  responses  into  the 
feel  system.  When  the  feel  system  response  is  altered  by  such  devices  so  that 
the  control  force  lags  the  control  motion  (the  reverse  situation  occurs  with 
normal  control  systems),  the  effects  are  undesirable.  This  factor  is  discussed 
in  more  detail  under  3. 2.2. 3. 

The  other  requirements  of  3.5.3. 1  are  an  application  of  3.5.3  to  the 
feel  system  alone.  This  was  done  because  lags  in  the  feel  system  can  cause 
control  problems  (see  Reference  J59) .  It  is  possible  for  a  stability-augmented 
airplane  to  have  excessive  feel  system  lags  while  still  meeting  the  require¬ 
ments  of  3.5.3. 


3.5. 3. 2  DAMPING 


REQUIREMENT 

3. 5. 3. 2  Damping.  All  control  system  oscillations  shall  be  well  damped,  unless 
they  are  of  sucn  an  amplitude,  frequency,  and  phasing  that  they  do  not  result 
in  objectionable  oscillations  of  the  cockpit  controls  or  the  airframe  during 
abrupt  maneuvers  and  during  flight  in  the  atmospheric  disturbances  specified 
in  3.7. 3  and  3. 7.4. 

RELATED  MIL-F-8785  PARAGRAPHS 

3. 3. 5.1,  3.5.3 
DISCUSSION 

This  paragraph  is  a  combination  of  the  requirements  of  3. 3. 5.1  and 
3.5.3  of  MIL-F-8785.  Many  airplanes,  including  airplanes  using  stability 
augmentation,  have  second-order  control-system  modes  which  exhibit  low  damping. 

If  these  modes  have  natural  frequencies  considerably  above  the  airframe  natural 
frequencies,  or  if  there  are  control -system  zeros  near  the  poles,  the  low  damping 
is  often  not  even  noticeable  to  the  pilot.  There  are  other  cases,  however, 
where  the  low  control -system  damping  is  very  objectionable  or  even  dangerous. 

Normal-acceleration  bobweights  have  a  tendency  to  cause  trouble  in 
this  area,  especially  if  the  control  system  employs  an  irreversible  elevator 
actuator.  In  this  situation,  the  basic  control  system  usually  has  very  low 
damping  (2^<^,).  Without  a  bobweight,  this  is  normally  no  problem  because  the 
natural  frequency  0*^)  of  the  control  system  is  much  higher  than  When 

a  bobweight  is  added,  however,  the  natural  frequency  of  the  control  system  is 
significantly  reduced  because  of  the  increased  control  system  inertia.  On 
several  airplanes,  the  bobweight  used  was  large  enough  to  reduce  the  control- 
system  natural  frequency  to  the  point  that  rapid  control  movements  caused 
objectionable  high-frequency  control-system  oscillations. 

Certain  types  of  adaptive  control  systems  employ  modes  having  very  low 
damping.  If  the  natural  frequency  of  such  a  mode  is  too  low,  objectionable 
control-system  oscillations  may  result. 


3.S.4  AUGMENTATION  SYSTEMS 


-  REQUIREMENT 

3.5.4  Augmentation  systems.  Normal  operation  of  stability  augmentation  and 
control  augmentation  systems  and  devices  shall  not  introduce  any  objectionable 
flight  or  ground  handling  characteristics. 

RELATED  MIL-F-8785  PARAGRAPHS 

3.2.5 

DISCUSSION 

This  paragraph  is  simply  a  restatement  of  3.2.5  of  MIL-F-8785. 

Although  it  appears  to  say  very  little  at  first  glance,  it  is  reminder  to 
the  designer  to  make  sure  that  the  introduction  of  a  control-system  device  to 
improve  a  particular  undesirable  characteristic  of  the  airplane  does  not  also 
introduce  undesirable  side  effects.  Unpleasant  side  effects  are  often  caused 
by  the  use  of  the  more  commonplace  "simple,:  augmentation  devices.  The  follow¬ 
ing  is  a  discussion  of  some  devices  which  have  been  used  to  remedy  obvious 
problems,  without  proper  investigation  of  the  effects  on  the  dynamic  character¬ 
istics  of  the  airframe  and  control  system. 

Normal- acceleration  bobweights  introduced  to  meet  steady-state  stick 
force  per  g  requirements  can  contribute  to  pilot-induced  oscillations.  Bob- 
weights  have  a  tendency  to  increase  the  control-system  inertia,  decrease  the 
control-free  short-period  damping  ratio,  and  provide  poor  control  feel  charac¬ 
teristics  in  abrupt  maneuvers,  turbulence,  and  taxiing.  More  detail  is  given 
in  the  discussions  of  paragraphs  3.2. 2.3.1,  3.5. 3.1,  and  3. 5. 3. 2. 

Devices  which  apply  a  steady  unbalancing  force  to  the  control  system 
are  often  employed  to  correct  an  unstable  variation  of  elevator  control  force 
with  airspeed.  As  increasing  amounts  of  nose-down  unbalancing  force  are  added, 
the  gradient  becomes  first  zero  and  then  stable.  When  the  slope  becomes  stable, 
a  lightly  damped  phugoid  mode  will  appear  (control  free).  As  the  force  gradient 
is  made  even  more  stable,  the  phugoid  frequency  will  increase  and  the  damping 
ratio  may  increase  also.  However,  as  more  and  more  unbalancing  moment  is  a 
added,  the  phugoid  damping  ratio  will  usually  decrease  again,  often  becoming 
negative.  In  addition,  the  high  phugoid  frequency  may  be  undesirable  by 
itself,  especially  in  turbulence  (see  Reference  E5) .  From  the  foregoing  dis¬ 
cussion,  it  can  be  seen  that  just  the  right  amount  of  unbalancing  force  must 
be  applied  to  the  control  system  to  avoid  ending  up  with  a  poorer  airplane 
than  the  basic  one.  Since  the  proper  amount  of  unbalancing  force  changes 
rapidly  with  airspeed,  the  use  of  a  fixed  mechanical  downspring  to  improve  the 
force  gradients  at  moderate  or  high  speed  will  often  result  in  negative  phugoid 
damping  in  the  landing  approach.  It  should  also  be  pointed  out  that  a  bob- 
weight  which  is  not  statically  balanced  with  an  "upspring"  will  behave  like  a 
fixed  downspring. 
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Spring  interconnects  between  the  rudder  and  aileron  controls  intro¬ 
duced  to  meet  steady  sideslip  requirements  or  to  improve  coordination  in  turn 
entries  can  result  in  objectionable  control  forces  during  takeoffs  and  landings. 
In  addition,  a  fixed  Spring  can  accomplish  the  desired  effect  only  over  a  very 
limited  angle-of-attack  range. 

Yaw-rate-sensing  dampers  introduced  to  improve  Dutch  roll  damping  can 
cause  heavy  rudder  forces  in  steady  turns.  Acceptable  wash-out  may  be  difficult 
to  devise  if  <*>7!^  is  very  low.  A  yaw  damper  also  may  also  aggravate  d,#Wayvhile 
improving  ^  and  even  the^d  response  to  gusts  (Reference  J4) . 

A  pitch  rate  damper  with  low  authority  will  tend  to  saturate  in 
steady  turns.  Up  to  the  point  of  saturation,  it  will  also  increase  the  stick 
force  per  g.  These  effects  are  most  prominent  at  low  speed  where,  kinematically, 
-£■  is  high.  To  compensate,  a  high-pass  filter  is  sometimes  used  to  wash  out 
the  steady  pitch-rate  signal.  Such  augmentation  can  be  effective;  but  short- 
period  motion,  maneuvering  stability,  and  actuator  dynamics  should  all  be 
examined  over  the  entire  speed-altitude- load  factor  spectra  of  the  flight 
envelopes  to  assure  that  there  is  no  excessive  degradation  in  any  parameter. 

Improper  location  of  response  sensors  for  augmentation  systems  can 
result  in  objectionable  dynamic  characteristics  in  rapid  maneuvers.  The 
location  of  accelerometers  is  especially  important,  and  the  location  of  any 
type  of  sensor  can  be  critical  if  structural  dynamics  are  involved. 

* 

The  C  criterion  of  Reference  Dll  has  recently  received  considerable 
attention  in  the  design  of  SAS  systems.  The  criterion  is  in  the  form  of 
time-history  or  frequency- response  envelopes  on  a  weighted  sum  of  pitch-rate 
and  v  at  the  pilot's  station.  This  criterion  was  developed  to  facilitate 
the  design  of  SAS  systems  employing  pitch-rate  and  normal-acceleration  feed¬ 
back.  These  feedbacks  can  indeed  be  effective  in  improving  the  short-period 
dynamics,  since  n  feedback  stiffens  sp  and  &  feedback  improves  (there  is 
also  a  strong  influence  on  the  phugoid  mode).  The  C  criterion  itself,  however, 
is  not  an  adequate  substitute  for  the  short-period  requirements  of  3.2.2. 1.1 
and  3.2.2. 1.2  or  the  control  system  requirements  of  3.5.3  and  3.5.3. 1  (see 
References  D56,  F80,  and  J75). 

At  high  angle  of  attack,  stability  augmentation  can  be  destabilizing. 

For  example  a  roll  damper  can  induce  spinning  by  actuating  the  ailerons  in  a 
stall  approach,  where  a  pilot  would  be  particularly  careful  not  to  command 
large  or  abrupt  aileron  inputs. 

Unless  special  precautions  are  taken,  series  stability- augmentation 
signals  to  a  common  valve  might  cause  unwanted  cockpit-control  movement  at 
times  when  primary- control  rate  command  "bottoms"  the  valve. 
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As  stated  in  6.4,  "Changes  of  mechanical  gearings  and  stability 
augmentation  gains  in  the  primary  flight  control  system  are  sometimes  accom¬ 
plished  by  scheduling  the  changes  as  a  function  of  the  settings  of  secondary 
control  devices,  such  as  flaps  or  wing  sweep.  This  practice  is  generally 
acceptable,  but  gearings  and  gains  normally  should  not  be  scheduled  as  a 
function  of  trim  control  settings  since  pilots  do  not  always  keep  airplanes 
in  trim." 

Redundant  systems  may  be  subject  to  nuisance  warning  or  disengagement. 

These  examples  are  far  from  being  exhaustive,  but  rather  they  serve  to 
illustrate  the  kind  and  complexity  of  consideration  that  must  be  given  to 
design  of  stability  and  control  augmentation. 


3. 5.4.1  PERFORMANCE  OF  AUGMENTATION  SYSTEMS 


REQUIREMENT 

3. 5.4.1  Performance  of  augmentation  systems.  Performance  degradation  of 
augmentation  systems  caused  by  the  atmospheric  disturbances  of  3.7.3  and  3.7.4 
and  by  structural  vibrations  shall  be  considered,  when  such  systems  are  used. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

This  requirement  was  added  partially  as  a  result  of  flight  tests  of 
recent  self-adaptive  control  systems  which  depend  upon  automatic  gain  changes 
to  keep  the  loop  gains  as  high  as  possible  without  driving  the  system  unstable. 
Some  of  these  systems  have  a  tendency  to  drive  the  loop  gains  down  when  the 
airplane  flies  in  turbulence  or  when  a  structural  mode  is  excited,  resulting 
in  poor  system  performance. 
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3. 5.4.2  SATURATION  OF  AUGMENTATION  SYSTEMS 


REQUIREMENT 

3. 5. 4. 2  Saturation  of  augmentation  systems.  Limits  on  the  authority  of 
augmentation  systems  or  saturation  of  equipment  shall  not  result  in  objection¬ 
able  flying  qualities.  In  particular,  this  requirement  shall  be  met  during 
rapid  large -amplitude  maneuvers,  during  operation  near  Ys  ,  and  during  flight 
in  the  atmospheric  disturbances  of  3.7.3  and  3.7.4. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

This  requirement  has  been  introduced  as  a  reminder  to  the  designer 
that  limiting  the  authority  of  augmentation  devices  for  safety  purposes  also 
may  limit  the  effectiveness  for  improving  flying  qualities.  For  instance 
a  limited-authority  pitch-rate  damper  may  improve  in  light  turbulence  and 
for  precision  tracking  tasks,  but  the  nonlinearity  of  the  airplane's  response 
for  a  pullup  due  to  saturation  of  the  rate  damper  might  be  extremely  objection¬ 
able. 

Some  requirements  of  Reference  A1  specify  a  minimum  control  power 
(for  takeoff,  landing,  maneuvering  flight,  roll  control,  etc.)  or  a  minimum 
control  margin  (for  sideslip,  cross-wind  landing,  asymmetric  thrust,  etc.) 
available  to  the  pilot.  Saturation  of  augmentation  must  not  prevent  the 
safe  utilization  of  that  control  power  or  margin  for  maneuvering  and  compen¬ 
sating  for  disturbances. 

Although  these  requirements  are  necessarily,  at  this  time,  qualitative, 
the  airplane  must  be  evaluated  in  specific  turbulence  and  discrete-gust  environ¬ 
ments  . 
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3.5.5  FAILURES 


REQUIREMENT 

3.5.5  Failures.  If  the  flying  qualities  with  any  or  all  of  the  augmentation 
devices  inoperative  are  dangerous  or  intolerable,  special  provisions  shall  be 
incorporated  to  preclude  a  critical  single  failure.  Failure-induced  transient 
motions  and  trim  changes  resulting  either  immediately  after  failure  or  upon 
subsequent  transfer  to  alternate  control  modes  shall  be  small  and  gradual 
enough  that  dangerous  flying  qualities  never  result. 

3.5.5. 1  Failure  transients.  With  controls  free,  the  airplane  motions  due  to 
failures  described  in  3.5.5  shall  not  exceed  the  following  limits  for  at  least 
2  seconds  following  the  failure,  as  a  function  of  the  Level  of  flying  qualities 
after  the  failure  transient  has  subsided: 

Level  1  ±0.05g  normal  or  lateral  acceleration  at  the  pilot's  station 

(after  and  ±1  degree  per  second  in  roll 

failure) 

Level  2  ±0.5g  at  the  pilot's  station, 

(after  ±5  degrees  per  second  roll,  and  the  lesser  of  +5  degrees 
failure)  sideslip  or  the  structural  limits 

Level  3  No  dangerous  attitude  or  structural  limit  is  reached,  and 
(after  no  dangerous  alteration  of  the  flight  path  results  from 
failure)  which  recovery  is  impossible. 

3. 5. 5. 2  Trim  changes  due  to  failures.  The  control  forces  required  to  maintain 
attitude  and  zero  sideslip  for  the  failures  described  in  3.5.5  shall  not  exceed 
the  following  limits  for  at  le-St  5  seconds  following  the  failure: 

Elevator  -  20  pounds 

Aileron  -  10  pounds 

Rudder  -  50  pounds 

RELATED  M1L-F-8785  PARAGRAPHS 

3.7.3,  3. 7. 3.1,  3. 7.3.2 
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DISCUSSION 


The  requirements  of  3.7.3,  3. 7.3.1,  and  3. 7. 3. 2  of  MIL-F-8785  are 
a  mixture  of  limitations  on  transients  and  trim  changes.  Since  there  are 
different  reasons  for  having  each,  requirements  on  transients  have  been 
included  in  3.5.5. 1  and  trim  changes  in  3. 5.5. 2. 

Transients  are  the  dynamic  responses  of  the  airplane  to  a  control 
system  failure.  The  purpose  of  a  requirement  in  this  area  is  to  ensure  that 
the  short-term  response  of  the  airplane  does  not  get  out  of  hand  before  the 
pilot  can  react.  The  requirement  of  3. 5. 5.1  specifies  that  the  responses  be 
measured  with  the  controls  free.  This  technique  seems  to  best  simulate  the 
situation  in  which  the  pilot  is  most  likely  to  be  caught  off-guard  by  the 
transient.  The  actual  numerical  limits  of  3. 5. 5.1  are  modifications  to  the 
requirements  of  3.7.3  of  MIL-F-8785,  in  an  attempt  to  make  the  requirements 
more  meaningful.  The  Level  1  requirement  is  quite  stringent,  the  intent 
being  that  the  pilot  should  hardly  notice  such  a  failure.  The  larger  the 
transient,  the  less  frequently  it  should  occur;  tying  the  transient  magnitude 
to  the  Level  after  failure  accomplishes  this.  (Small  transients  upon  reversion 
to  poor  flying  qualities  are  quite  desirable  but  hardly  seem  feasible  in 
general.)  If  there  should  turn  out  to  be  no  other  way  to  meet  the  Level  1 
requirement  than  to  add  considerable  complexity  to  the  flight  control  system, 
the  procuring  activity  should  consider  relaxing  the  requirement  for  that 
particular  design. 

In  addition  to  the  controls-free  response  transients  caused  by  a 
transfer,  it  is  necessary  to  have  limits  on  the  control  forces  required  to 
minimize  the  airplane  response.  To  this  end,  the  requirements  of  3. 7. 3.1  and 
3. 7. 3. 2  of  MIL-F-8785  have  been  generalized  to  apply  for  all  Flight  Phases. 

The  elevator  and  aileron  forces  are  unchanged.  No  distinction  has  been  made 
between  land-  and  carrier-based  airplanes  in  the  rudder  forces  because  there 
seems  to  be  no  need.  It  seems  reasonable  to  state  a  time  limit  during  which 
this  requirement  applies.  Two  seconds  generally  should  be  time  enough  for 
the  pilot  to  detect  a  significant  transient  and  react,  and  it  should  be  possible 
to  retrim  after  5  seconds. 


3.5.6  TRANSFER  TO  ALTERNATE  CONTROL  MODES 
REQUIREMENT 

3.5.6  Transfer  to  alternate  control  modes.  The  transient  motions  and  trim 
changes  resulting  from  the  intentional  engagement  or  disengagement  of  any 
portion  of  the  primary  flight  control  system  by  the  pilot  shall  be  small  and, 
gradual  enough  that  dangerous  flying  qualities  never  result. 

3. 5.6.1  Transients.  With  controls  free*  the  transients  resulting  from  the 
situations  described  in  3.5.6  shall  not  exceed  the  following  limits  for  at 
least  2  seconds  following  the  transfer: 

Within  the  Operational  +0.05g  normal  or  lateral  acceleration  at  the 
Flight  Envelope  pilot's  station  and  ±1  degree  per  second  roll 

Within  the  Service  +0.5g  at  the  pilot's  station,  ±5  degrees 

Flight  Envelope  per  second  roll,  and  the  lesser  of  +5  degrees 

sideslip  or  the  structural  limit 

These  requirements  apply  only  for  Airplane  Normal  States. 

3.5.6. 2  Trim  changes.  The  control  forces  required  to  maintain  attitude  and 
zero  sideslip  for  the  situations  described  in  3.5.6  shall  not  exceed  the 
following  limits  for  at  least  5  seconds  following  the  transfer: 

Elevator  -  20  pounds 

Aileron  -  10  pounds 

Rudder  -  SO  pounds 

These  requirements  apply  only  for  Airplane  Normal  States. 

RELATED  MIL-F-8785  PARAGRAPHS. 

3.7.3,  3. 7.3.1,  3. 7. 3. 2 

DISCUSSION 

Paragraphs  3.7.3,  3. 7. 3.1,  and  3. 7. 3. 2  of  MIL-F-8785  deal  with 
intentional  transfers  to  alternate  control  modes,  as  well  as  failures.  The 
failure  aspects  have  been  handled  in  3.5.5,  3.5.5. 1,  and  3. 5. 5. 2.  The 
intentional  tranfer  aspects  were  developed  in  a  similar  manner  and  included 
in  3.5.6,  3. 5. 6.1,  and  3. 5. 6. 2.  Application  of  Levels  for  intentional  actions 
might  be  confusing,  so  the  applicable  flight  envelopes  are  specified  instead. 
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CHARACTERISTICS  OF  SECONDARY  CONTROL 
SYSTEMS 


3.6  CHARACTERISTICS  OF  SECONDARY  CONTROL 
SYSTEMS 


3.6  Cl lARACTli  RI STI CS  OF  SliCONDARY  CONTROL  SYSTUMS 


DISCUSSION 

Section  3.6  deals  with  tho  effects  of  operation  of  secondary  control 
devicos  on  flying  qualities.  Secondary  control  systems  includo  the  trim  system, 
the  throttle  system,  and  all  control  devices  which  alter  the  loading  or 
external  geometry  of  the  airplane  (with  the  exception  of  the  primary  control 
system).  The  section  includes  various  requirements  on  secondary  controls 
which  were  scattered  throughout  MIL-F-8785. 

The  secondary-control  paragraphs  of  MIL-F-8785  were  examined  for 
current  validity.  Most  of  the  changes  were  made  to  fit  the  requirements  into 
the  new  organizational  framework.  However,  tho  requirements  on  longitudinal 
trim  changes  have  been  extensively  modified. 


t 


ft 
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3.6.1  TRIM  SYSTEM 


REQUIREMENT 

3.6.1  Trim  system.  In  straight  flight,  throughout  the  Operational  Flight 
Envelope  the  trimming  devices  shall  be  capable  of  reducing  the  elevator, rudder, 
and  aileron  control  forces  to  zero  for  Levels  1  and  2.  For  Level  3,  the 
untrinuned  cockpit  control  forces  shall  not  exceed  10  pounds  elevator,  5  pounds 
aileron,  and  20  pounds  rudder.  The  failures  to  be  considered  in  applying  the 
Level  2  and  3  requirements  shall  include  trim  sticking  and  runaway  in  either 
direction.  It  is  permissible  to  meet  the  Level  2  and  3  requirements  by 
providing  the  pilot  with  alternate  trim  mechanisms  or  override  capability. 
Additional  requirements  on  trim  rate  and  authority  are  contained  in  MIL-F-9490 
and  MIL- F-18372. 

3.6. 1.1  Trim  for  asymmetric  thrust.  For  all  multiengine  airplanes,  it  shall 
be  possible  to  trim  the  elevator,  rudder,  and  aileron  control  forces  to  zero 
in  straight  flight  with  up  to  two  engines  inoperative  following  asymmetric 
loss  of  thrust  from  the  most  critical  factors  (3.3.9).  This  requirement 
defines  Level  1  in  level-flight  cruise  at  speeds  from  the  maximum- range  speed 
for  the  engine(s)-out  configuration  to  the  speed  obtainable  with  normal  rated 
thrust  on  the  functioning  engine(s).  Systems  completely  dependent  on  the 
failed  engines  shall  also  be  considered  failed. 

3. 6. 1.2  Rate  of  trim  operation.  Trim  devices  shall  operate  rapidly  enough 
to  enable  the  pilot  to  maintain  low  control  forces  under  changing  conditions 
normally  encountered  in  service,  yet  not  so  rapidly  as  to  cause  over-sensitivity 
or  trim  precision  difficulties  under  any  conditions.  Specifically,  it  shall 

be  possible  to  trim  the  elevator  control  forces  to  less  than  +10  pounds  for 
center-stick  airplanes  and  +20  pounds  for  wheel-control  airplanes  throughout 

(a)  dives  and  ground  attack  maneuvers  required  in  normal  service  operation  and 

(b)  level- flight  accelerations  at  maximum  augmented  thrust  from  250  knots  or 

fy/c  ,  whichever  is  less  to  any  altitude  when  the  airplane  is  trimmed 

for  level  flight  prior  to  initiation  of  the  maneuver. 

3.6. 1.3  Stalling  of  trim  systems.  Stalling  of  a  trim  system  due  to  aerodyna¬ 
mic  loads  during  maneuvers  shall  not  result  in  an  unsafe  condition.  Specifically, 
the  longitudinal  trim  system  shall  be  capable  of  operating  during  the  dive 
recoveries  of  3.2. 3.6  at  any  attainable  permissible  n,  at  any  possible  position 
of  the  trimming  device. 

3.6. 1.4  Trim  system  irreversibility.  All  trimning  devices  shall  maintain  a 
given  setting  indefinitely,  unless  changed  by  the  pilot,  by  a  special  auto¬ 
matic  interconnect  such  as  to  the  landing  flaps,  or  by  the  operation  of  an 
augmentation  device.  If  an  automatic  interconnect  or  augmentation  device  is 
used  in  conjunction  with  a  trim  device,  provision  shall  be  made  to  ensure  the 
accurate  return  of  the  device  to  its  initial  trim  position  on  completion  of 
each  interconnect  or  augmentation  operation. 
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RliLATIil)  MI  I,- F- 8785  PARAGRAPHS 


3.5.4,  3.5.5,  3.S.6,  3.7.7,  6.4 
DISCUSSION 

The  trim  authority  requirements  of  3.5.4  of  MIL-F-8785  were  rewritten 
in  the  language  of  the  new  format.  Also  included  were  the  trim  system  failure 
requirements  of  3.5.6  and  3.7.7  of  MIL-F-8785,  For  Level  3  conditions  the 
residual  forces  which  are  permitted  after  trimming  are  arbitrary,  but  seem 
more  reasonable  than  zero.  Thoy  are  small  enough  to  be  held  for  some  time  on 
rare  occasions.  Since  engine  failures  are  a  unique  type  of  failure,  the 
engine-out  requirements  of  3.5.4  of  MIL-F-8785  were  included  separately  in 
3. 6. 1.1. 

The  requirements  of  3.6.1  come  from  6.4  and  the  last  sentence  of  3.5.4 
of  MIL-F-8785.  Since  the  quantitative  dive  requirement  of  3.5.4  of  MIL-F-8785 
was  aimed  at  operational  dives,  and  since  operational  dives  for  many  current 
airplanes  are  performed  at  speeds  considerably  lower  than  maximum  operational 
speed,  the  new  wording  seems  appropriate.  This  quantitative  requirement  was 
also  expanded  to  cover  level-flight  accelerations  because  some  high-performance 
airplanes  can  out-uccelerate  the  trim  rate. 

Paragraph  3.6. 1.3  is  a  new  requirement,  added  at  the  suggestion  of 
several  government  and  industry  sources  on  the  basis  of  flight  experience. 

Paragraph  3.6.  1.4  is  essentially  the  same  as  3.5.5  of  MIL-F-8785.  It 
certainly  is  necessary. 


3.6.2  SPEED  AND  FLIGHT- PATH  CONTROL  DEVICES 


REQUIREMENT 

3.6.2  Speed  and  flight-path  control  devices.  The  effectiveness  and  response 
times  of  the  lore- ana- art  force  "controls ,  in  combination  with  the  other 
longitudinal  controls,  shall  be  sufficient  to  provide  adequate  control  of 
flight  path  and  airspeed  at  any  flight  condition  within  the  Operational  Flight 
Envelope.  This  requirement  may  be  met  by  use  of  devices  such  as  throttles, 
thrust  reversers,  auxiliary  drag  devices,  and  flaps. 

RELATED  MIL-.-8785  PARAGRAPHS 

3.1.8,  6.10 
DISCUSSION 

The  requirements  of  3.6.2  are, a  combination  of  paragraphs  3.1.8  and 
6.10  of  MIL-F-8785.  The  requirements  on  speed  control  devices  a  qualitative 
in  nature  due  to  the  complex  nature  of  the  problem,  but  the  design  of  these 
devices  is  nevertheless  very  important. 

One  consideration  in  the  design  of  speed  control  devices  is  to  make 
sure  that  the  thrust  response  time  is  short  enough  for  good  go-around  (wave-off) 
capability.  For  pure  jet  airplanes,  the  thrust  response  is  usually  very  poor 
at  low  thrust  settings  and  improves  at  the  higher  settings.  It  may  be  necessary 
to  provide  such  airplanes  with  auxiliary  approach  drag  devices  to  allow  the  use 
of  high  thrust  settings  during  the  power  approach. 

Another  consideration  is  to  ensure  that  the  airspeed  can  be  stabilized 
in  dives  at  the  desired  angle  and  airspeed.  A  stabilized  airspeed  in  the 
ground  attack  maneuver  means  that  the  pilot  need  not  worry  about  control  force 
changes  with  speed  or  making  sure  that  the  airspeed  does  not  exceed  safe  limits. 

It  had  been  hoped  to  include  more  specific,  more  quantitative 
requirements.  But  on  the  basis  of  industry  comments,  more  definitive 
requirements  that  apply  to  a  wide  variety  of  mechanizations  seem  not  to  be 
feasible  at  this  time  for  a  general  flying  qualities  specification. 


3 .0.3  TRANS  HINTS  AND  TRIM  CIIANGIiS 


RliQlIl  RliMliNT 

3.0.3  Transients  and  trim  changes.  The  transients  and  steady-state  trim 
changes  for  normal  operation  of  secondary  control  devices  (such  as  throttle, 
flaps,  slats,  speed  brakes,  deceleration  devices,  dive  recovery  devices,  wing 
sweep,  and  landing  gear)  shall  not  impose  excessive  control  forces  to  maintain 
the  desired  heading,  altitude,  attitude,  rate  of  climb,  speed  or  load  factor 
without  use  of  the  trimmer  control.  This  requirement  applies  to  all  in-flight 
configuration  changes  and  combinations  of  changes  made  under  service  condi¬ 
tions,  including  the  effects  of  asymmetric  operations  such  as  unequal  operation 
of  landing  gear,  speed  brakes,  slats,  or  flaps.  In  no  case  shall  there  be  any 
objectionable  buffeting  or  oscillation  of  such  devices.  More  specific  re¬ 
quirements  on  secondary  control  devices  are  contained  in  3.6.3. 1,  3.6.4,  and 
3.6.5  and  in  MIL- P-9490  and  MIL-F-18372. 

Rhl.ATUD  MIL- P-8 785  PARAGRAPHS 

3.1. 10,  3.2.3,  3.3.18,  3.5.3,  6.4 
DISCUSSION 

This  paragraph  is  a  restatement  of  the  several  qualitative  require¬ 
ments  contained  in  3.1.10,  3.2.3,  3.3.18,  3.5.3,  and  6.4  of  MIL-F-8785.  It  was 
decided  not  to  specify  rates  of  operation  directly,  since  these  rates  are 
called  out  in  the  control  systems  specifications. 


3.6.3. 1  PITCH  TRIM  CHANGES 


REQUIREMENT 

3. 6. 3.1  Pitch  trim  changes.  The  pitch  trim  changes  caused  by  operation  of 
secondary  control  devices  shall  not  be  so  large  that  a  peak  elevator  control 
force  in  excess  of  10  pounds  for  center-stick  controllers  or  20  pounds  for 
wheel  controllers  is  required  when  such  configuration  changes  are  made  in 
flight  under  conditions  representative  of  operational  procedure.  Generally, 
the  conditions  listed  in  table  XIV  will  suffice  for  determination  of  compliance 
with  this  requirement.  (For  airplanes  with  variable-sweep  wings,  additional 
requirements  will  be  imposed  consistent  with  operational  employment  of  the 
vehicle.)  With  the  airplane  trimmed  for  each  specified  initial  condition,  the 
peak  force  required  to  maintain  the  specified  parameter  constant  following  the 
specified  configuration  change  shall  not  exceed  the  stated  value  for  a  time 
interval  of  at  least  5  seconds  following  the  completion  of  the  pilot  action 
initiating  the  configuration  change.  The  magnitude  and  rate  of  trim  change 
subsequent  to  this  time  period  shall  be  such  that  the  forces  are  easily  trim- 
mable  by  use  of  the  normal  trimming  devices.  These  requirements  define  Level  1. 
For  Levels  2  and  3,  the  allowable  forces  are  increased  by  50  percent. 
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MIL-F-8785B 
TABLE  XIV 


Pitch  Trim  Change  Conditions 
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1 
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* 

Throttle  setting  may  be  changed  during  the  maneuver 


Notes : 


Auxiliary  drag  devices  are  initially  retracted,  and  all  details  of 
configuration  not  specifically  mentioned  are  normal  for  the  flight  Phase. 


♦  ku  V!idrCti0[!  i$  per*itted  in  meting  the  deceleration  requirements 
f?r  *h?  mi5Sion*  •ctuat ion  of  the  deceleration  device  in 
*12  and  *14  shall  he  accompanied  „y  the  allowable  power  reduction. 


1 

k 
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RELATED  MIL-F-878S  PARAGRAPHS 


3.3.19 


DISCUSSION 

The  statement  of  the  requirement  is  basically  the  same  as  that  of 
3.3.19  of  MIL-F-8785,  with  appropriate  wording  changes  to  reflect  the  new 
format.  The  allowable  elevator  forces  have  been  broken  down  according  to  type 
of  controller,  rather  than  class.  The  force  values  remain  appropriate,  based 
on  flight  experience.  The  table  describing  the  individual  maneuvers  to  be 
evaluated  has  been  altered  to  make  the  maneuvers  more  representative  of  actual 
practice  and  to  make  the  table  more  readable. 

In  Table  IV  of  MIL-F-8785,  maneuvers  1  through  3  are  aimed  at  the 
trim  changes  which  normally  occur  in  the  traffic  pattern.  Accordingly, 
maneuvers  1  through  5  of  Table  XIV,  Reference  Al,  all  start  with  the  airplane 
trimmed  in  level  flight  at  the  normal  pattern  speed.  First  the  gear  is  ex¬ 
tended,  and  the  pilot  holds  altitude  of  adds  thrust  to  hold  his  altitude  and 
airspeed.  Then  the  flaps  are  extended,  and  the  pilot  holds  altitude  or  adds 
thrust  to  hold  his  altitude  and  airspeed.  Next,  the  pilot  reduces  thrust  to 
begin  the  descent  to  final  approach. 

In  Table  IV  of  MIL-F-8785,  maneuvers  4  and  10  are  at  a  lower  speed, 
as  on  a". up  I  r.pproach;  they  are  usually  most  critical  at  the  minimum  approach 
speed.  Ar^ordir.gly,  maneuvers  6  through  8  of  Table  XIV,  Reference  Al,  all 
start  with  the  airplane  Lrimmed  at  At  the  beginning  of  the  final 

approach,  with  the  airplane  trimmed  at  the  approach  speed,  the  approach  drag 
divice  might  be  extended  for  the  final  descent.  Then  with  the  airplane  actually 
trimmed  in  the  power  approach,  a  go-around  (wave-off)  might  be  necessary. 

During  the  initial  stage  of  this  maneuver,  the  pilot  will  probably  try  to  hold 
airspeed  constant. 

In  Table  IV  of  MIL-F-8785,  maneuvers  5  and  6  deal  with  cleaning  up 
the  airplane  on  takeoff.  These  maneuvers  are  probably  most  critical  during 
maximum-performance  takeoffs  where  the  pilot  is  trying  to  clear  an  obstacle. 

In  this  type  of  takeoff,  the  pilot  will  probably  hold  pitch  attitude  as  the 
gear  starts  up,  then  hold  airspeed  fairly  constant  during  the  climb.  The 
gear-up  and  flaps-up  maneuvers  are  so  described  in  9  and  10  of  Table  XIV, 
Reference  Al. 

In  Table  IV  of  MIL-F-8785,  maneuvers  7,  8  and  11  are  aimed  at  rapid 
speed  changes  during  high-speed  flight.  Item  9  in  Table  IV  of  MIL-F-8785  is  a 
similar  maneuver  for  cruise.  For  these  maneuvers,  it  seems  appropriate  to 
hold  pitch  attitude  constant  initially.  These  four  maneuvers  are  so  described 
in  items  11  through  14  of  Table  XIV,  Reference  Al. 
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3.6.4  AUXILIARY  DIVE  RECOVERY  DEVICES 
REQUIREMENT 

3.6.4  Auxiliary  dive  recovery  devices.  Operation  of  any  auxiliary  device 
intended  solely  for  dive  recovery  shall  always  produce  a  positive  increment 
of  normal  acceleration,  but  the  total  normal  load  factor  shall  never  exceed 
0.8  n^  controls  free. 

RELATED  MIL-F-8785  PARAGRAPHS 


3.3. 17 


DISCUSSION 

This  requirement  is  essentially  the  same  as  3.3.17  of  MIL-F8785. 
Special  pitching-moment-producing  devices  are  sometimes  used  for  dive  recovery 
on  subsonic  airplanes  when  Mach  number  effects  severely  reduce  elevator 
effectiveness.  The  requirement  seems  reasonable  for  this  type  of  device. 


■X  % 


«  • 
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3.6.5  DIRECT  NORMAL- FORCE  CONTROL 


REQUIREMENT 

3.6.5  Direct  normal- force  control.  Use  of  devices  for  direct  normal- force 
control  shall  not  produce  objectionable  changes  in  attitude  for  any  amount  of 
control  up  to  the  maximum  available.  This  requirement  shall  be  met  for 
Levels  1  and  2. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

This  new  paragraph  requires  the  designer  to  minimize  pitching  moments 
associated  with  the  use  of  any  direct-lift  control  device,  so  that  the  pilot  is 
provided  with  an  essentially  pure  lift  control.  The  designer  may  accomplish 
this  end  by  careful  design  of  the  control  itself,  or  by  an  interconnect  to  the 
elevator. 
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3.7  -  ATMOSPHERIC  DISTURBANCES 

I 


3.7  -  ATMOSPHERIC  DISTURBANCES 


U™ .atmisnihrh:  pisturhanchs 

■VM  USIi  01'  TURHHI.IlNOll  MODHLS 
HliQIIIHIlMItNT 

3.7,1  lino  of  tmrj>ulonco  model*.  Paragraph*  5.7.2  through  5.7,5  *n»ctfy  a 
com  InuouiT random  turbulence  modeT  and  a  dl*cr»te  turbulence  model  that  ahall 
hr  used  In  analyse*  to  determine  compliance  with  thoae  requirement*  of  thia 
Specification  that  refer  to  5.7  explicitly,  to  aaaeaai 

it.  The  effect  of  turbulence  on  the  flying  qualitlea  of  the 
ai rp>  ane; 

b.  The  ability  of  a  pilot  to  recover  from  the  effect*  ot 
diacrete  gust*. 

Rlil.ATIil)  MII.-F-878S  PARAGRAPHS 

None 

DISCUSSION 

There  are  several  possible  uses  for  turbulence  models,  as  far  as  flying 
qualities  requirements  are  concerned.  Hor  example,  the  models  might  be  used  in: 

(1}  Piloted  simulation  and  closod-loop  analysis  to  assess  the 
effects  of  turbulonco  on  ride  qualities,  flying  qualities, 
and  controllability. 

(2)  Analysis  to  determine  the  open- loop  airplane  turbulence 
response  (including  the  effects  of  stability  augmentation 
and  structural  mode  excitation),  for  comparison  with  ride 
qualities  criteria. 

(3)  Analysis  to  ensure  that  the  performance  of  control  systems 
arid  SAS  equipment  does  not  degrade  appreciably  during 
flight  in  turhulence. 

(4)  Design  of  control  surfaces,  and  of  pilot  and  SAS  authority, 

to  ensure  that  the  airplane  has  sufficient  control  effectiveness 
to  be  manageable  during  flight  in  turbulence. 

It  becumo  obvious  fairly  early  in  the  development  of  Section  i. 7,  however,  that 
piloted  simulation,  a  most  important  use  for  turbulence  models,  was  a 
difficult  subject  to  write  quantitative  requirements  for,  In  addition,  although 
some  quantitative  criteria  do  exist  for  assessment  of  ride  qualities  and  have  boen 
applied  in  specific  instances  such  as  AMSA,  it  seemed  premature  to  introduce 
general  ride  qualities  criteria.  It  was  decided,  therefore,  that  turbulence 
models  would  be  presented  in  MIL.-F-8785B ,  to  be  used  in  any  analysis  and 
simulation  of  flying  qualities  and  ride  qualities  that  the  contractor 
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perform*.  Hither  those  models  or  the  one*  specified  for  structural  analysis 
can  be  used  to  investigate  interactions  of  structures  and  flying  qualities,  a* 
approprlata.  The  contractor  j*  bound  to  uaa  the  atmospheric  disturbance* 
of  thia  section  in  showing  compliance  with  paragrapba  3.V4,  3.3,4, l,J, 

.VS. 3. 2,  VS, 4.1,  and  .VS. 4. 2. 

Tha  atata  of  tha  art  in  daacriblng  atmospheric  disturbance*  ia,  like 
that  in  apacifying  flying  qualities,  imperfect.  I. imitation*  on  tha  validity 
of  tha  models  praaantad  ara  impoaad  by: 

•  Tha  atmospheric  data  uaad 

a  Tha  mathematical  description  of  turbulence  and  its  affects 

a  Tha  ganaraliaationa  made  for  design  purposes 

a  The  need  to  avoid  excess iva  complication 

•  The  possible  incompatibility  with  models  used  in  structural  analyst 

Also,  this  work  was  mostly  dona  before  deciding  to  emphasiia  tha  von  Kerman 
spectral  form.  Use  of  the  Dryden  form  in  deriving  the  requirements  should  not, 
it  is  felt,  contribute  significant  error, 

In  the  discussions  of  Section  3,7  there  are  three  main  purposes. 

Since  thir  ia  the  first  appearance  of  atmospheric  disturbance  models  in  a 
flying  qualities  specification,  turbulence,  the  models,  and  their  application 
have  bean  described  in  some  detail.  Then  many  assumptions  are  inherent, 
of  varying  validity,  in  deriving  quasi - rational  requirements;  the  assumptions 
used  have  been  stated,  and  the  requirements  derived.  Also,  substantiation 
data  have  bean  presented  or  referenced. 
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3,7,.l  Turbulence  model*.  Where  feasible,  the  von  Karmen  form  shall  be  used 
for  the  contTmioo*  random  turbulence  model,  so  that  the  flying  qualities 
analyses  will  he  consistent  with  the  comparable  structural  analyses,  When  no 
comparable  structural  analysis  is  performed  or  when  it  is  not  feasible  to  use 
the  von  Kansan  form,  use  of  the  Dryden  form  will  he  permissible,  In  general, 
both  the  continuous  random  model  and  the  discrete  model  shall  be  used.  Ilte 
scales  and  intensities  used  in  determining  the  gust  magnitudes  for  the  discrete 
model  «*'••»!  be  the  same  as  those  used  in  the  Dryden  continuous  random  model. 

Klil.ATIil)  Mn.  F-878S  PARAGRAPHS 

None 

DISCUSSION 

Background 

MII.-F-878SB  provides  for  both  continuous  and  discrete  approaches  to 
utmospheric  disturbances  (turbulence).  Those  are  both  described  in  a  statis¬ 
tical  way  (i.e.,  power  spectral  densities,  probability  density  functions,  etc.) 
because  of  the  nature  of  atmospheric  turbulence,  which  is  a  continuous  vector 
random  process  that  varies  in  three  space  dimensions  and  also  in  time.  As  a 
result,  a  very  complicated  statistical  modol  would  be  required  to  describe 
adequately  all  that  is  currently  known  about  atmospheric  turbulence.  Still, 
at  present,  much  uncertainty  remains  about  both  its  mathematical  description 
and  its  numerical  data,  Also,  known  and  suspected  variations  of  atmospheric 
disturbances  with  such  factors  as  location,  time  of  day,  wind  direction, 
lapse  rate  and  latitude  can  hardly  be  used  directly  in  an  airplane  design 
specification.  So,  in  the  Interest  of  simplicity  of  development,  description 
and  application  of  turbulence  models  for  MIL-F-8785B,  several  commonly  used 
simplifying  assumptions  ure  made  and  are  described  in  the  following  paragraphs. 

The  continuous  random  turbulence  model  will  bo  described  first  and  its 
underlying  assumptions  explained.  Then  the  discrete  model,  which  is  based 
on  the  continuous  model,  will  be  described.  Numerical  data  are  given  and 
explained  in  the  discussion  of  3.7,3.  Both  models  specify  true  gust 
velocities,  not  equivalent  velocities. 

Atmospheric  turbulence  should  be  described  mathematically  in  an  axis 
(coordinate)  system  related  explicitly  to  the  turbulence  field  itself;  but 
instead,  for  MII.-F-8785B,  the  turbulence  is  described  relative  to  the  airplane 
body-axis  system.  If  the  turbulence  were  completely  isotropic,  mathematically 
it  would  be  described  exactly  the  same  way  in  both  axes  systems,  by  the 
definition  of  isotropy:  invariance  of  the  statistical  properties  with  axis 
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translation,  rotation  and  reflection.  However,  complete  Isotropy  is  not 
aaaumed  here  for  all  altitudes.  Near  the  ground  levtl  the  turbulonce  Is 
assumed  Isotropic  (and  therefore,  because  of  the  translational  independence, 
homogeneous)  only  In  plltnea  that  are  nearly  horitontal  (l.e.,  two-dimensional 
Isotropy  and  homogeniety) .  At  higher  altitudes  complete  isotropy  Is  assumed. 

The  implication  of  these  assumptions  is  that  flight  paths  must  he  within  a  degree 
or  so  of  being  horisontal  near  the  ground;  otherwise  special  consideration  should 
he  given  to  the  anisotropic  and  nonhomogeneous  nature  of  the  turbulence.  One 
way  to  sidestep  this  difficulty  is  to  use  average  valuoa  of  the  turbulence 
model  parameters  as  discussed  in  3.7,3.  Figure  1  from  Reference  M3  clearly  shows 
anisotropy  and  nonhomogeniety  for  the  last  300  feet  of  a  landing  approach. 

Complete  Isotropy  is  a  property  of  turbulence  that,  when  present, 
extends  over  all  turbulence  wavelengths.  Realistically,  however,  atmospheric 
turbulence  it  at  most  only  "locally"  isotropic;  that  is,  the  turbulence  is 
isotropic  only  over  some  finite  range  of  wavelengths,  usually  those  smaller 
than  some  given  value  which  depends  on  meteorological  conditions  and  nearness 
of  the  ground.  Energy  is  fed  anisotropically  into  the  turbulence  by  winds  which 
have  wavelengths  greater  than  those  in  the  range  of  local  isotropy.  Near  the 
ground,  the  limiting  (longest)  wavelength  of  the  locally  isotropic  range  is 
proportional  to  the  height  above  the  ground.  Certain  high-altitude  clear  air 
turbulence  (CAT)  is  significantly  anisotropic  (References  M69  and  M71);  but, 
like  the  atmospheric  boundary  layer  turbulence,  it  too  has  a  locally  isotropic 
range.  The  continuous  random  turbulence  models  of  MIL-F-8785B  are  designed 
to  exhibit  some  locally  isotropic  properties  at  low  altitudes.  This  has  been 
done  because  turbulence  data  do  indeed  show  a  locally  isotropic  range  that  is 
within  the  range  of  wavelengths  significant  in  the  response  of  airplanes. 

For  the  purposes  of  MIL-F-878SB,  lack  of  isotropy  at  the  lower 
altitudes  implies  that  the  statistical  properties  of  the  turbulence  differ  among 
the  three  turbulent  velocity  components  and  that  statistical  cross  correlations 
exist  among  the  components.  It  is  assumed  for  simplicity,  however,  that  the 
cross  correlations  are  negligible.  In  other  words,  the  turbulent  velocity 
components  are  assumed  statistically  independent  of  one  another  even 
though  the  turbulence  model  permits  anisotropy  for  low  altitudes.  There  is 
some  evidence  that  the  cross  correlations  are  small  and  insignificant  enough  to 
make  this  a  reasonable  assumption  in  most  cases  (Reference  M81). 

Tests  for  homogeniety  and  isotropy  have  been  made  frequently  during 
gust  measurement  programs,  and  the  validity  of  these  assumptions  has  been 
adequately  demonstrated  for  purposes  of  airplane  response  analyses  except  for 
flight  near  the  terrain.  Hence,  the  homogeniety  and  isotropy  of  gusts  have 
been  dignified  by  frequent  use.  Furthermore,  homogeniety  in  horizontal 
planes  is  a  reasonable  assumption  for  flight  over  homogeneous  terrain  at 
low  altitudes  and  for  homogeneous  metoorological  conditions  at  higher 
altitudes.  However,  as  Figure  1  suggests,  homogeniety  in  the  vertical  direction 
is  not  a  valid  assumption,  except  perhaps  for  very  shallow  layers,  regardless  of 
the  altitude.  Nevertheless,  for  reasons  to  be  brought  out  later,  it  is  necessary 
to  assume  at  least  horizontal  homogeniety. 


Taylor's  hypothesis  (References  MS 4  and  M57),  that  time  variations 
are  statistically  equivalent  to  distance  variations  in  traversing  the 
turbulence  field,  is  also  assumed.  This  almost  universally  employed 
assumption  may  be  visualized  as  a  gust  field  that  is  frozen  in  time  and  space. 
Taylor's  hypothesis  is  implicit,  for  example,  in  use  of  gust  data  from  tower 
measurements  for  airplane  design.  The  implication  of  this  hypothesis  is  that 
tno  turbulence-induced  responses  of  the  airplane  result  only  from  the  motion 
of  the  airplane  relative  to  the  turbulent  field.  Experience  has  shown  that 
tno  frozen  field  concept  is  entirely  acceptable  for  those  cases  in  which  the 
moan  wind  velocity  and  the  root-mean-square  turbulence  velocity  are  small 
relative  to  the  ground  speed  of  the  airplane  (Reference  M57) . 

Since  the  airplane  moves  through  the  horizontally  homogeneous 
turbulent  field,  tne  turbulence  it  senses  is  stationary;  that  is,  the 
statistical  properties  of  the  turbulence  as  sensed  by  the  airplane  are  indepen¬ 
dent  of  time  in  any  given  "patch"  of  turbulence.  Therefore,  stationary 
statistical  methods  may  be  used  in  analyses.  This  is  the  great  simplification 
afforded  by  the  assumptions  of  horizontal  homogeniety  and  the  frozen  field 
concept. 


Tne  turbulent  velocity  field  is  assumed  to  be  a  zero-mean  Gaussian 
(Normal)  random  process  represented  by  a  joint  conditional  (conditioned  on 
the  standard  deviations  of  the  velocity  components)  probability  density 
function.  Although  Reference  M83  presents  ample  evidence  to  invalidate  the 
Gaussian  assumption,  this  assumption  is  employed  for  MIL-F-8785B  because  of 
the  simplicity  it  affords.  Also,  the  Gaussian  assumption  greatly  facilitates 
botn  mathematical  analyses  for  linear  systems  and  also  simulations.  (The 
experiments  upon  which  a  number  of  the  flying  qualities  requirements  are  based 
used  either  filtered  Gaussian  noise  or  a  random- appearing  sum  of  sine  waves  to 
simulate  turbulence.  Neither  technique  produces  enough  extreme  gusts  or  many 
of  the  "spikes"  which  are  apparent  in  some  turbulence  records;  that  is  one  good 
reason  for  supplementing  the  MIL-F-8785B  Gaussian  continuous  random  turbulence 
model  with  the  discrete  gusts  of  3. 7. 2. 3.) 

There  are  several  good  sources  of  general  information  on  the  description 
of  atmospheric  turbulence  and  its  application  in  airplane  response  and 
analyses:  see,  for  example.  References  B70,  M32,  M56,  MS8,  M55,  M54,  M59,  M81 
and  M83. 

Gust  spectra 

In  order  to  describe  how  much  of  the  total  root -me an -square  turbulent 
velocity  is  contributed  by  a  given  band  of  wavelengths  or  spatial  frequencies 
(fl  the  power  spectral  density  of  turbulence  must  be  specified. 

Experimental  and  theoretical  evidence  suggest  that  the  one-dimensional  power 
spectral  density  of  a  turbulent  velocity  component  should  approach  a  constant 
value  asymptotically  at  the  lowest  frequencies  (longest  wavelengths)  and  should 
decrease  asymptotically  according  to  the  -5/3  power  of  frequency  for  high 
spatial  frequencies.  These  "high"  frequencies 
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occur  in  a  range  called  the  "inertial  subrange",  in  which  energy  is 
neither  fed  into  nor  dissipated  from  the  turbulence  (References  M54  and  M57) . 

In  a  meteorological  sense  this  range  may  not  occur  at  all,  depending  on  condition.' 
but  experimental  data  nearly  always  show  a  range  of  frequencies  where  the  -5/3 
power  variation  does  occur.  Often  this  -5/3  variation  occurs  when  meteorological 
conditions  do  not  indicate  an  inertial  subrange. 

MIL-F-878SB  includes  two  spectral  forms  for  the  random  continuous 
turbulence  model: 

(1)  The  von  Karman  spectral  form  (References  M55  and  M56) , 
which  has  the  asymptotic  characteristics  described  above. 

(2)  The  Dryden  spectral  form  (References  M55  and  M56) ,  which 
mathematically  has  the  same  low-frequency  asymptote  as  the 
von  Karman  form  but  which  has  a  high-frequency  asymptote  that 
is  directly  proportional  to  the  -2  power  of  spatial  frequency. 

Both  of  theue  mathematical  forms,  named  after  the  scientists  who 
first  proposed  them,  have  been  used  in  the  past  and  are  still  accepted  by  many 
workers,  although  the  trend  is  to  adopt  the  scientifically  more  pleasing  von 
Karman  form.  Other  military  and  civil  specifications,  particularly  proposed 
structural  specifications,  require  the  use  of  this  spectral  form.  The  Dryden 
spectra  are  rational,  which  greatly  simplifies  analysis  and  computation. 

There  is  every  indication  that,  though  the  von  Karman  form  seems  to  fit  the 

available  data  somewhat  better,  for  flying  qualities  work  the  two  forms 

yield  much  the  same  results.  Where  feasible,  the  von  Karman  spectral  form 

(3. 7. 2,1)  is  to  be  used  in  analyses  with  the  continuous  random  turbulence 

model  so  that  the  flying  qualities  analyses  will  be  consistent  with  the  comparable 

structural  analyses  required  by  other  specifications.  However,  when  no  comparabl 

structural  analysis  is  performed  or  when  it  is  not  feasible  to  use  the  von 

Karman  form,  the  Dryden  form  (3. 7, 2,2)  may  be  used.  It  should  be 

mentioned  that  the  rms  intensity  data  in  3.7.3  were  developed  specifically 

for  the  Dryden  model  but  are  used'without  modification  for  the  von  Karman  model 

as  well.  However,  the  scales  are  specified  differently  for  the  two  models  in 

3. 7. 3.1  and  3.7. 3.2.  Some  consequences  of  this  imperfect  arrangement 

are  described  in  the  discussion  of  3. 7. 3,1  and  3. 7, 3. 2, 

MIL-F-8785B  specifies  both  continuous  random  models  and  a  discrete 
model.  However,  these  models  are  not  entirely  separate  entities.  The  discrete 
model  has  been  derived  from  the  Dryden  random  continuous  one  and,  as  such,  the 
discrete  model  requires  the  use  of  length  scales  and  nns  intensities  which  are 
the  same  as  those  used  for  the  Dryden  random  continuous  model. 
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for  the  spectra  are  listed,  for  example,  in  References  M55  and  M56  along  with 
their  corresponding  autocovariance  functions  (sometimes  called  autocorrelation 
functions)  and  other  pertinent  formulas.  They  are  defined  such  that  the 
mean-square  turbulence  velocity  (or  variance,  since  the  mean  turbulence 
velocity  fluctuation  is  assumed  zero)  is  given  by  integrating  the  power 
spectrum  over  all  positive  spatial  frequencies; 

CO 

-  / $t  (n) da  ,  i  -  u.,  tr,  or  ar 
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The  root-mean-square  (rms)  velocity  cr  (or  standard  deviation)  is  simply  the 
square  root  of  the  integral. 

The  frozen  field  concept  (Taylor’s  hypothesis)  mentioned  previously 
implies,  in  the  frequency  domain,  that  the  temporal  frequency  cj  (rad/sec) 
sensed  by  the  airplane  is  related  to  the  spatial  frequency  by  the  true  air¬ 
speed  V;  that  is,  to  =  nv .  Therefore  the  spectral  densities  are  transformed 
to  functions  of  cj  as  follows: 


0.  (a,)  =  -L  fji  =  ,  i  •  u.,  tr,  or  ur 


It  follows  from  this  that 


Q*  °  J  0.  (a))  dot)  } 


t  *  tc,  v,  or  ur 


Both  the  von  Karman  and  Dryden  forms  satisfy  all  the  mathematical 
requirements  for  isotropic  atmospheric  turbulence.  For  isotropi  turbulence, 
the  scales  and  the  mean-square  intensities  are  the  same  for  the  three  velocity 
components;  i.e.,  for  isotropic  turbulence 


and 


2  2  z 

cr  -  cr  .  -  <r 

Ob  IS  it/- 


Ob 


' ur 


425 


In  MIL-F-8785B  these  same  spectral  forms  [  (Cl)  and  (J^.  (u>)  ]  are  used 
also  for  anisotropic  turbulence,  near  the  ground,  as  well  as  for  isotropic 
turbulence.  For  anistropic  turbulence,  neither  the  three  intensities  nor 
the  three  scales  need  be  equal.  This  is  the  reason  for  the  u ,  ir,  us~ 
subscripts  on  a  and  L. 

In  certain  theoretical  analyses  it  may  be  desirable  to  use  the  two-or 
three-dimensional  versions  of  the  von  Karman  and  Dryden  spectral  forms.  In 
particular,  the  two-dimensional  spectrum  of  the  vertical  turbulence  component 
has  proven  to  be  useful  in  the  past.  It  depends  on  two  spatial  frequencies, 

A,  and  Clt  corresponding  with  x  and  y  dimensions  respectively  (the  spatial 
frequency  Cl  used  in  the  one-dimensional  formulas  above  is  really  Clf ,  but 
the  subscript  has  been  dropped  for  simplicity).  Also,  it  should  be  noted  that 
Cl,  is  the  only  spatial  frequency  that  can  be  converted  to  a  temporal 
frequency  so  far  as  this  specification  is  concerned.  The  reason  is  that, 
to  a  first-order  approximation,  the  airplane  velocity  is  considered  to  be 
in  the  x  direction.  The  two-dimensional  formulas  may  be  found  for  both  the 
Dryden  and  the  von  Karman  spectral  forms  in  Reference  M55,  Section  9.4. 

To  put  the  formulas  of  Reference  M55  into  a  form  consistent  with  the  spectra 
in  MIL-F-8785B,  use  the  following  conversion  formulas: 
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3. 7. 2.  3  DISCRETE.  MODEL 
REQUIREMENT 

3. 7. 2. 3  Discrete  model.  The  discrete  turbulence  Model  may  be  used  for 
any  of  the  three  gust-velocity  components.  The  discrete  gust  has  the 
"1-cosine"  shape: 


tr  ■  o  ,  *  <  o 

»  yk  ft -  cos  ,  0  t  %  t  Zc/m 

m  0  ,  %  >  2dm 


V 

nr/*ic 


Several  values  of  shall  be  used,  each  chosen  so  that  the  gust  is  tuned  to 
each  of  the  natural  frequencies  of  the  airplane  and  its  flight  control  system 
(higher- frequency  structural  modes  may  be  excepted).  The  magnitude  vm  shall 
then  be  chosen  from  figure  7.  The  parameters  L  and  or  to  be  used  with 
figure  7  are  the  Dryden  scales  and  intensities  from  3.7.3  or  3.7.4  for  the 
velocity  component  under  consideration. 
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MIL-F-8785B  Figure  7.  MAGNITUDE  OF  DISCRETE  GUSTS 


RELATED  MIL-F-878S  PARAGRAPHS 


DISCUSSION 

For  analyses  of  some  airplane  operations,  a  discrete  gust  model 
is  more  appropriate  than  a  continuous  random  model.  The  discrete  model 
provides  spike-type  inputs  that  may  not  be  apparent  in  the  Emulated 
Gaussian  random  turbulence.  These  exercise  the  vehicle  and  . ts  flight  control 
system  in  a  different  way  but  still  in  a  way  that  is  likely  to  be  encountered. 
Thus  the  random  and  discrete-gust  analyses  are  complementary.  An  example 
of  design  use  is  the  requirement  of  3.3.4:  roll  control  power  must  be 
effective  enough  to  balance  the  airplane  when  it  encounters  discrete, 
as  well  as  random,  gusts.  Both  might  be  particularly  important  in  a 
landing  approach.  A  discrete  model  is  equally  applicable  to  airplane 
structural  design  as  well  as  airplane  handling  and  control. 

Since  it  is  well  known  that  the  gust  velocity  gradient  is  as 
important  as  the  gust  magnitude,  the  discrete  gust  model  should  jointly 
treat  both  parameters.  Hence,  this  section  describes  a  form  of  discrete 
model  that  has  a  gust  velocity  v(x)  defined  spatially  in  terms  of  a 
magnitude  vm  which  occurs  at  a  distance  x  =  .  Together,  vm  and  dm 

determine  the  velocity  gradient  properties  of  the  discrete  gust. 

A  conditional  probability  density,  which  describes  the  evolution  of  the 
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random  gust  velocity,  is  developed  by  using  certain  result*  of  the  theory 
of  linaar  mean-square  estimation,  aa  presented  in  Reference  MR2,  Chapter* 

U  and  14,  aioni  with  tha  Urydan  random  continuous  turbulence  modal,  Detail* 
of  tha  davalopnant  ara  provided  in  Rofarancaa  MM  and  MbOj  hut  because  these 
references  art  not  generally  avai labia,  particularly  Rafaranca  Mol,  a 
hrlaf  out  lint  of  tha  davalopnant  ia  praaantad  hara,  To  make  uaa  of  tha 
moan-square  animation  theory,  it  ia  nacaaaary  only  that  tha  gust  velocity 
component*  ba  (iauaiian,  which  ia  aaaumad  to  be  tha  case,  Tha  random 
continuous  turimlanca  need  ba  neither  iaotropic  nor  homoReneouai  however, 
it  haa  been  assumed  homogeneous  for  the  simplicity  afforded  to  tha  results, 

The  discrete  gust  modal  of  Mil.- P*  87858  makes  use  of  tha  rather 
arbitrary  but  wall  known  "1 -cosine"  shape  which  haa  been  used  often,  and 
still  ia,  in  both  military  and  civil  structural  design  specifications,  In  the 
formula  given  in  3, 7, 2. 3,  the  gust  magnitude  vn  may  be  either  positive  or 

negative,  but  the  gust  length  dm  is  always  taken  to  he  positive,  The  formula 

for  the  discrete  gust  shape  and  other  formulas  and  data  in  this  discussion  are 
assumed  to  apply  equally  well  to  any  of  the  three  gust  velocity  components 
even  though,  in  all  of  the  pertinent  formulas  of  this  discussion,  the  x 
coordinate  ia  always  used  for  the  distance  traversed  by  the  airplane,  and 
da  is  always  the  gust  length  in  the  x  direction.  To  distinguish  among 

the  values  of  vn  and  for  the  three  components  of  the  turbulent  velocity  in 

Figure  7  of  MIl,-F-87858,  the  m  subscript  is  dropped  and  x,  y  and  t 
subscripts  are  used  for  longitudinal,  lateral  and  vertical  discrete  gusts 
respectively. 

Section  14-5  of  Reference  M82  is  followed  closely  in  the  material 
developed  here.  (Also,  see  Example  11-1  starting  on  page  394  of  Reference  M82.) 
The  gust  velocity  is  assumed  to  be  homogeneous,  and  it  has  xero  mean,  i.e. 

f  fv(x))'0 

where  E  is  the  expectation  operator.  If  the  velocity  at  x  ■  x,  is  v(xt) 
then  the  conditional  mean  of  v(x)  is 

c{  v(x)f  Ww,)j  ,  X  > 

In  Reference  M82,  Equation  7-111  on  Page  2 24,  it  is  shown  that  this 
conditional  mean  is  proportional  to  v(xi),  i.e., 

E^vCisj/  v(*,)J  »  a  tr(te,) 
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Hil*  conditional  mean  la  alao  the  heat  mean  anuare  patlmafp  of’  v(.v)  in 
lerma  of'  v |x | j .  Now  »liu:e  the  difference  vix)  •  v(xj)  la  statistically 

orthogonal  to  vixj),  i,e1( 

e;fjr(*)  #//*,) j  -  0, 

the  follow  Inn  result  la  obtained: 

n(d) 
a  »  — — 
h'fa) 

where  d  «  x  Xj  and  R  (d)  la  the  autocovarianee  function  of  the 
homogeneous  gust  velocity  v(x),  assuming  v(xj),  la 

o  •  E^v(*)~a  r{t,)]*l  r(*,)J  «  K(o)~ a*(d) 

where  the  orthogonality  condition  above  has  been  used;  then,  with  the  value 
ufa  also  given  above, 


« 


K(0)- 


12*  (d) 

n(o) 


Because  v(x)  is  Gaussian,  the  conditional  probability  density  of  v(x)  is 
also  Gaussian: 


i>v  l  *(*>  t  v( *,)]  -  «^=~  cjtp  j~[ tr(x)  -avfa)]2j 

This  conditional  probability  density  is  the  key  to  the  discrete  gust  model,  but 
in  order  to  evaluate  the  density,  some  further  assumptions  are  necessary. 

Although  v(xi)  may  have  any  value  and  may  be  a  random  \  riable,  it  is 

taken  as  zero  since  the  "1-cosine"  gust  shape  is  generally  considered  to  start 
from  zero  velocity.  Furthermore,  in  the  development  of  the  conditional  density, 
it  is  necessary  to  assume  a  mathematical  form  for  the  autocovariance  of  the 
turbulent  velocity  component.  For  this  purpose,  the  autocovariance 
corresponding  with  the  longitudinal  (ug)  Dryden  spectral  form  is  used.  It 

leads  to  the  simplest  mathematical  form  for  the  conditional  density  above. 
Although  this  is  only  approximate  for  the  other  velocity  components,  it  is 
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accurate  enough,  considering  the  very  limited  date  available  for  substantiation, 
'ihvta,  a  and  a  become 


et  *  0 


and 


where  <s*  and  k  are  the  mean-square  intensity  and  scale  for  the  particular 
gust  velocity  component)  respectively.  Furthermore,  if  v(x)  •  v(xj>dm) 

is  interpreted  as  the  magnitude  vm,  the  conditional  probability  density 

may  be  written 

Ad*  I*™-  °]‘jm  *">f'  T 


where 

e  ■  a*  -  exp  J  »  dm  *  0 

So  far,  the  conditional  density  has  been  treated  as  if  it  were  conditioned 
only  on  v(xi);  however,  it  is  also  conditioned  on  the  random  variable  a 

which  appears  in  the  expression  for  .  (The  statistics  of  the  rms  intensity 
cr  are  described  later  in  the  discussion  of  3.7.3.)  Then,  since  explicit 
dependence  on  v  (xi)  no  longer  appears,  the  density  function  may  be  written 
as  » p  (vm  fa)  tor  brevity.  The  appropriate  subscript  u,  v  or  w  is  used  in 

Figure  7  of  MIL-F-8785B  to  denote  the  longitudinal,  lateral  or  vertical 
gust  respectively. 


Since  the  turbulent  velocity  fluctuations  have  a  Gaussian  probability 
density  function  (as  was  assumed  to  begin  this  development),  the  conditional 
density and  its  cumulative  distribution  also  have  the  Gaussian 

form.  The  cumulative  probability  distribution  a)  is  plotted  in  Figure  1 

in  a  normalized  form.  The  curve  of  Figure  7  of  MIL-F-8785B  has  been  obtained 
simply  by  cross-plotting  the  values  of  vm  /or  and  c^/L  from  Figure  1 

that  correspond  to  the  probability  P(v'ml<s)  =  0.01.  Strictly  speaking, 
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it  is  not  proper  to  use  the  value  of  vm/or  obtained  this  way  and  simply 

multiply  it  by  a  value  of  or  from  Figure  8  of  MIL-F-8785B.  The  reason  for 
this  is  that  P(vm  j  a  )  is  a  conditional  cumulative  distribution.  The  value 

of  vm  should  properly  be  obtained,  first,  by  determining  P(vm),  with  the 

condition  removed  as  follows: 


00 

V(vm)  •  J  P(irm  I  a)-p(o)  dee 

o 


where  p(<J)  is  obtained  from  the  discussion  of  3.7.3,  and  then  by  determining 
vm  as  a  function  of  altitude  for  a  given  value  of  P(vm).  However,  it  is  felt 

that  the  method  used  in  M1L-F-8785B  yields  reasonable  values  of  vm  for  the 

present  purposes  even  though  the  values  used  are  not  necessarily  the  same  as 
those  that  have  traditionally  been  used  in  other  discrete  gust  models. 

It  is  now  evident  that  the  discrete  gust  magnitude,  vm,  depends  on 

three  parameters:  dn),  L  and  <r  .  Several  values  of  should  be  used,  each 

chosen  so  that  the  gust  is  tuned  to  each  of  the  rigid-body  natural  frequencies 
of  the  airplane  and  its  flight  control  system.  The  lower- frequency  structural 
bending  modes  are  also  to  be  considered  in  analyses,  but  the  higher  structural¬ 
mode  frequencies  a:  e  excepted.  Usually  it  should  be  sufficient  to  consider 
the  primary  fuselage  vertical  and  side  bending  modes,  and  the  primary  wing 
symmetric  and  antisymmetric  modes.  However,  specific  requirements  for 
structural  bending  modes  may  be  stated  by  the  procuring  activity.  The  values  of 
cr  and  L  to  be  used  with  the  discrete  gust  model  depend  on  altitude  and  are 
the  same  as  those  used  with  the  Dryden  random  continuous  turbulence  model  which 
are  found  in  3.7.3  and  3.7.4.  The  values  of  dm,  L  and  a  obtained  according 

to  these  instructions,  used  together  with  Figure  7  of  MIL-F-8785B,  will 
provide  the  required  values  of  vm  for  analyses. 

Thus,  although  the  (1-cos)  form  of  the  discrete  gust  remains  arbitrary, 
the  gust  magnitude  has  been  related  in  a  rational  manner  to  the  expected 
intensity  of  continuous  random  tui’bulence.  There  is  still,  of  course,  no 
rational  relation  to  some  of  the  sources  of  discrete  disturbances:  buildings 
or  terrain  features,  aircraft  wakes,  shear  layers,  jet  streams,  etc.,  in 
eitner  form  or  magnitude. 
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3,7.3  SCALES  AND  INTENSITIES  (CLEAR  AIR  TURBULENCE) 
REQUIREMENT 


3.7.3  Scales  and  intensities  (clear  air  turbulence).  The  root -mean-square 
intensity- cf^  for  clear  air  turbulence  is  defined  on  figure  8  as  a  function 

of  altitude.  The  intensities  su  and  <sv  may  be  obtained  using  the  relationships 


L  4/3 


■>xr 


/  */3 


<$lr 
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ir 


L 
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Jur 


(von  Karman  form) 


(Dryden  form) 


The  scales  for  clear  air  turbulence  are  defined  in  3. 7. 3.1  and  3. 7.3. 2 
as  a  function  of  altitude.  The  altitude  shall  be  defined  consistently  with 
any  applicable  terrain  models  specified  in  the  contract.  For  those 
Flight  Phases  involving  climbs  and  descents,  a  single  set  of  scales  and 
intensities  based  on  an  average  altitude  may  be  used.  If  an  average  set  of 
scales  and  intensities  is  used  for  Category  C  Flight  Phases,  it  shall  be  based 
on  an  altitude  of  500  feet. 


MIL-F-8785B  Figure  8.  INTENSITY  FOR  CLEAR  AIR  TURBULENCE 


RELATED  MIL-F-8785  PARAGRAPHS 
None 

DISCUSSION 

Introduction 


The  turbulence  model  of  M1L-F-8785B  has  been  developed  by  rather 
arbitrarily  choosing  reasonable  values  of  the  scales  and  then  determining 
values  for  the  intensity  so  that  the  mathematical  spectral  form  (the  Dryden 
form)  fits  the  measured  spectral  data  (from  References  M68,  M69,  M70,  M71 
and  other  sources  listed  in  Reference  M7) .  This  approach  is  explained  in 
a  few  simple  steps. 

(1)  Measured  atmospheric  turbulence  spectra  seldom  extend 

to  low  enough  spatial  frequencies  to  exhibit  the  constant 
low-frequency  asymptote  (however,  some  tower  spectra 
measured  very  close  to  the  ground  do  show  the  low- 
frequency  asymptote.) 

(2)  The  measured  spectra,  therefore,  can  determine  no  more 
than  some  minimum  value  of  scale  and  some  factor  which 
combines  both  the  scale  and  the  rms  intensity. 

(3)  This  factor,  esz / L  ,  is  obtained  from  the  high-frequency 
asymptotic  form  of  the  Dryden  spectrum.  It  is  the  same 
factor  as  in  the  equations  relating  the  three  intensities 

a«.  »  °V  an<*  c ur.  (See  3.7.3.)  (Although  it  was  not 
used  in  the  development  of  the  data  for  MIL-F-8785B, 
the  corresponding  factor  for  the  high-frequency  asymptotic 
form  of  the  von  Karman  spectrum  is  <sz  /  Lz( 3 

(4)  Consequently,  having  chosen  a  Dryden  scale  (Section  3. 7. 3. 2) 
which  is  not  less  than  some  minimum,  and  having  determined  the 
value  of  the  factor  a 2  /  L  ,  one  then  simply  obtains 

the  value  of  o' 2  . 


<•> 


■o 

■i> 


This  is  the  basic  procedure  that  was  followed  lor  evaluating  the  rms  vertical 
intensity  (  cr^.  )  of  the  clear  air  turbulence  model,  but  the  data  chosen 

for  the  model  were  also  checked  as  described  later.  The  scales  and  intensities 
of  the  random  turbulence  model  are  interrelated  by  the  equations  in  3.7.3. 

These  equations  are  used  to  calculate  <5^  and  Sy.  after  <s ^  has  been 
obtained  from  Figure  8,  because  MIL-F-8785B  provides  data  explicitly  only 
for  <5*,.  .  The  following  discussion  is  devoted  primarily  to  the  development 
of  Figure  8.  It  starts  by  developing  the  statistical  properties  of  e^. 


k 
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Statistical  Properties  of 

Now,  there  is  a  finite  discrete  probability,  P0  ,  of  there  being  no 
turbulence  at  all,  while  there  is  also  a  discrete  probability  of  encountering 
turbulence,  Pt  .  The  total  probability  density  function  for  tf^is, 
therefore, 

■f  M  -  P0  S  M  *  Pt  $  (*ur) 

where  S  (a^)  is  a  Dirac  delta  function  which  is  zero  for  any  a ^  JO 
and  for  which 


=.  1 


The  probability  density  function  for  the  rms  vertical  turbulence 
intensity,  cr^  ,  once  turbulence  has  been  encountered,  is  assumed  to  be  of 
the  Rayleigh  form: 


°~  aor  "  00  >  a  >  0 


where  c“  is  one-half  the  expected  value  of  o-^.  (i.e.,  j  E  [  ])  • 

(In  some  other  current  turbulence  models  which  employ  the  Gaussian  probability 
density  defined  for  a ^  h  0,  i.e., 


b,  >  0 


the  parameter  b 2  is  equal  to  E  f  O2^.  J  ;  therefore,  to  have  the  same 

expected  value  of  ,  b,  -  •fz'  £.) 


which 


The  Rayleigh  cumulative  probability  distribution  for  , 

here  means  the  probability  of  equalling  or  exceeding  a  given  value  of 
a  patch  of  turbulence t  is 


in 


(This  is  not  the  usual  definition  of  the  cumulative  probability  distribution 
that  is  give1,  in  probability  theory  texts  such  as  Reference  M82,  but  this  is 
the  definition  used  in  most  of  the  atmospheric  turbulence  literature.) 

Figure  1,  which  is  adapted  from  Reference  M62,  illustrates  that  the 
Rayleigh  probability  density  function  fits  reasonably  well  the  relative 
frequency  distributions  of  o'  .  The  value  of  c  used  in  the  figure  is  that 
used  for  MIL-F-8785B ,  and  its  evaluation  is  described  in  the  following 
paragraphs.  For  purposes  of  MIL-F-8785B,  the  Rayleigh  density  function  is 
as  convenient  to  use  as  any  other  previously  employed  or  previously  proposed 
functions.  It  is  used  in  the  absence  of  general  agreement  on  the  form  of  the 
distribution  of  o^.  . 

In  MIL-F-8785B,  it  is  assumed  that  a  single  value  of  the  parameter 
c  is  valid  for  clear  air  turbulence  at  all  altitudes.  Previous  atmospheric 
turbulence  models  based  on  b*  =  E  {  J  ,  which  is  proportional  to  a, 

have  indicated  that  although  b1  is  not  really  constant  for  nonstorm 

turbulence  it  is  nearly  enough  constant  so  that  for  simplicity  it  may  be 
assumed  constant. 


The  measured  spectra  for  clear  air  turbulence  from  many  sources, 
such  as  References  M31,  M68,  M69.,  M70,  M71  and  other  sources  as  listed 
in  Reference  M7,  were  used  to  obtain  values  of  o'*  / L  for  the  Dryden 

spectral  form.  This  ratio  is  related  to  c  as  follows: 


E 


since  L  is  not  considered  a  random  variable  here.  Then,  since 

£{«*}  .  2c‘ 
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there  results 


Thus,  from  a  population  of  values  of  a2 1 L  for  clear  air  turbulence  it  is 
possible  to  estimate  the  value  of  the  parameter  o  .  The  value  of  ^c.  thus 
obtained  for  MIL-F-S785B  is  2.3  ft/sec.  The  cumulative  probability  P  (&&) 
is  plotted  in  Figure  2  with  tw‘s  value  of  C 

A  quick  check  of  the  validity  of  the  value  c  =2.3  ft/sec  and  the 
assumption  that  c  is  independent  of  altitude  may  be  obtained  from  the 
data  given  in  Reference  M63.  Figure  1  from  that  reference  compares  the  estimates 
of  bf  =  fZ  c  from  several  sources.  It  shows  that  b,  is  reasonably 

independent  of  altitude  and  that  the  value  bt  =  3.25  ft/sec  (or  c  =  2.3  ft/ 

sec)  is  somewhat  on  the  low  end  of  the  indicated  range.  However,  Figure  4  of  the 
same  reference,  which  was  obtained  after  a  re-analysis  of  the  basic  data, 
shows  a  value  of  b,  that  is  quite  close  to  3.25  ft/sec.  This  provides  one 
independent  check  of  the  value  of  c  =2.3  ft/sec  used  in 

MIL-F-878SB. 

The  discrete  probability  (Pj)  of  encountering  turbulence  at  all, 

which  is  often  called  the  proportion  of  time  spent  in  turbulence,  is  a  function 
of  altitude.  As  used  here,  has  exactly  the  same  meaning  as  it  has  had  in 

previous  turbulence  models  and  specifications.  Figure  3  gives  the  Pj  used 

here  as  the  solid  line.  The  curve  is  basically  that  of  Reference  M7,  Figure  21, 
but  revised  to  reflect  some  new  data  points  that  have  more  recently  become 
available.  The  circled  data  points  are  directly  from  Reference  M7,  whereas 
the  B-52  and  B-70  points  are  the  new  ones  (References  M64  and  M65  respectively). 
Above  about  75,000  ft  the  curve  in  Figure  3  is  an  extrapolation.  Between 
50,000  and  70,000  feet  the  curve  is  approximately  an  average  of  the  U-2 
(References  M66  and  M67)  and  B-70  points.  The  large  discrepancy  between  the 
U-2  and  B-70  data  points  remains  to  be  explained;  in  fact,  this  is  the 
reason  for  simply  using  the  "average"  of  the  two  for  MIL-F-8785B.  Between 
25,000  and  50,000  feet  the  preferred  B-52  values  and  the  U-2  values  were  also 
roughly  averaged. 

For  altitudes  below  2500  ft  above  ground  level  (AGL) ,  the  abscissa 
(altitude)  in  Figure  3  should  be  interpreted  as  AGL  because  of  the  influence 
of  the  terrain  on  the  probability  of  encountering  turbulence.  For  altitudes 
above  2500  ft  AGL  it  is  permissible  to  interpret  altitude  as  either  pressure 
altitude  or  altitude  above  mean  sea  level  (MSL) .  However,  the  altitude  to  be 
used  shall  be  defined  consistently  with  any  applicable  terrain  models  that 
may  be  specified  by  the  procuring  activity. 


It  should  be  clear  at  this  stage  that  the  model  described  here  neglects 
any  effects  on  the  turbulence  due  to  terrain  roughness,  atmospheric  stability 
(lapse  rate),  wind  shears,  mean  wind  magnitude  or  any  other  meteorological 
factor  except  height  (altitude).  This  means  that  the  model  describes  an 
average  of  all  conditions  for  clear  air  turbulence.  Too  few  data  are  currently 
available  to  permit  incorporation  of  these  complicating  features. 

Specification  of  <y- 

So  far,  the  turbulence  model  has  been  described  strictly  in  a  prob¬ 
abilistic  fashion.  For  MIL-F-8785B,  it  necessary  to  provide  something 
concrete.  A  value  of  <V  is  specifiec  as  a  function  of  altitude  for  clear 

air  turbulence  that  can  only  be  equalled  or  exceeded  with  a  probability  of  0.01. 
In  other  words,  99%  of  all  the  time  spent  in  flight  at  a  given  altitude  will 
be  spent  either  in  turbulence  with  less  than  the  specified  or  in 

turbulence- free  air  (  Our  ~  0).  Let  P(o'/tr)  denote  the  cumulative  probability 

that  dyj.  equals  or  exceeds  a  given  value;  then 

P(<*ur)  -PtP  («ur)  »  0.01 

A 

where  Pf  and  P  ( °v)  are  given  in  Figures  3  and  2  respectively.  The 

probability  P  (c^)  =  0.01  has  been  chosen  rather  arbitrarily.  Although 

it  seems  reasonable,  only  time  and  trial  will  prove  its  ultimate  reasonableness. 
The  values  of  obtained  using  the  above  equation  are  presented  as  a  function 

of  altitude  in  Figure  8  of  MIL-F-8785B.  Since  the  value  of  P,  for  altitudes 

above  90,000  feet  is  less  than  0.01,  the  value  of  above  90,000  feet 

is  exactly  zero.  This  means  simply  that  at  h  =  90,000  ft,  o^  =  0 

is  the  only  rms  intensity  that  can  be  equalled  or  exceeded  with  exactly  the 
overall  probability  0.01.  Above  90,000  ft,  the  same  value  =  0  applies  since 

o'or  is  never  less  than  zero. 

For  those  Flight  Phases  involving  climbs  and  descents, 
a  single  set  of  scales  and  intensities  based  on  an  average  altitude  may  be 
used.  In  particular,  at  altitudes  where  the  turbulence  is  isotropic  and 
for  Category  A  and  B  (nonterminal)  Flight  Phases,  the  scales  Lu=  L ^  =  L ur 

are  constant,  and  an  average  value  of  =  dv  =  may  be  used.  However, 

if  the  overall  range  of  altitude  is  large,  it  may  be  necessary  to  break  that 
range  into  several  smaller  ranges  over  which  the  rms  intensity  is  relatively 
constant.  If  an  average  set  of  scales  and  intensities  is  used  for  Category  C 
(terminal)  Flight  Phases,  the  set  should  be  based  on  an  altitude  of  500  ft, 
whether  Dryden  or  von  Karman  scales  are  used. 
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The  probability  data  and,  in  particular,  the  value  of  e.  developed 
for  3.7.3  have  been  based  on  the  curve-fitting  of  spectral  data  with  the  high- 
frequency  asymptote  of  the  Dryden  spectral  form.  Nevertheless,  the  value 
c  =2.3  ft/sec  is  to  be  used  without  change  with  both  the  Dryden  and 
von  Karman  spectral  forms. 


=» 
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23456789 
RMS  GUST  VELOCITY,  <T  ~  FT/SEC 


Figure  1  (3.7.3) 

RELATIVE  FREQUENCY  DISTRIBUTIONS  OF  RMS  GUST  VELOCITY  FROM  B-66  LOW-LEVEL  PROGRAM 
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PROBABILITY  OF  EQUALLING  OR  EXCEEDING  A  GIVEN  <TW,  P(  CTJ 
ONCE  TURBULENCE  HAS  BEEN  ENCOUNTERED 


0  2  1  6  8  10  12  IN 

ROOT -MEAN-SQUARE  INTENSITY,  <TW~FT/SEC 


Figure  2  (3.7.3) 
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3. 7. 3.1,  3.7. 3.2  CLEAR  AIR  TURBULENCE  (SCALES) 

REQUIREMENT 


3. 7. 3.1  Clear  air  turbulence  (von  Karman  scales).  The  scales  for  clear  air 
turbulence  using  the  von  Karman  f!orm  are: 

Above  h  =  2500  feet:  L  u  =  L  ^  *  Ly  =  2500  feet 

Below  h  =  2500  feet:  L^.  =  h  feet 

W  i 

Lu  «  l  ^  =  184  h 1  ^  feet 

3. 7. 3. 2  Clear  air  turbulence  (Dryden  scales).  The  scales  for  clear  air 
turbu 1 ence  using  the  Dryden  form  are: 

Above  h  =  1750  feet:  Lu  = 

Below  h  =  1750  feet;  L ^  = 


RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

The  three  von  Karman  scales  are  all  equal  to  2500  ft  for  isotropic 
clear  air  turbulence  above  2500  ft  AGL.  There  are  no  compelling  reasons  for 
this  choice,  except  that  it  is  currently  being  used  in  other  military  and 
civil  specifications.  In  addition,  L  =  2500  ft  describes  well  measured 
spectra  at  these  altitudes.  At  altitudes  tyelow  2500  ft  AGL,  a  number  of 
sources  claim  that  the  turbulence  is  not  i/sotropic  since  the  scales  of  the 
horizontal  velocity  components  are  not  equal  to  the  scale  of  the  vertical 
component.  (However,  there  are  some  dat/  to  the  contrary  in  Reference  M81.) 
Different  scales  have  been  used  here.  The  formulas  for  the  scales  at  low 
altitudes  are  adjusted  to  force  all  three  scales  to  be  exactly  equal  to 

2500  ft  at  an  altitude  of  2500  ft  AGL^ 

/ 

The  low-altitude  formulas  for  the  Dryden  scales  are  adjusted  to 
make  all  three  scales  the  same  at  the  altitude  h  =  1750  ft  AGL.  Again 
there  are  no  strong  reasons  for  choosing  L  =  1750  ft  as  the  scale  for  isotropic 
clear  air  turbulence  above  1750  ft  AGL.  This  value  is  larger  than  that 
commonly  used  in  the  past  for  the ’Dryden  spectral  models  (i.e.,  L  =  1000  ft), 
but  it  provides  a  good  fit  to  all  existing,  measured,  clear-air-turbulence 
spectral  data.  Furthermore,  spectral  measurements  (e.g.  Reference  M56) 
made  with  improved  instrumentation  indicate  rather  conclusively  that 
scales  larger  than  1000  ft  must  be  used  to  best  fit  the  spectra.  Too 
small  a  scale  would  greatly  underestimate  the 


Lv  =  Lar=  1750  feet 
h  feet 

L^  =  145  h  11 5  feet 
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energy  of  the  turbulence  at  the  longer  wavelengths  that  contribute 
significantly  to  the  gust  response  in  supersonic  flight.  (There  is  further 
discussion  of  this  Dryden  scale  selection  later.) 

It  should  be  noted  that  recent  data  taken  during  the  II1CAT 
(Reference  M69)  and  TOPCAT  (Reference  M71)  programs  provide  conclusive  evidence 
that  high-altitude  clear  air  turbulence  is  significantly  anisotropic  at  the 
longer  wavelengths.  Unfortunately,  no  clearly  established  trends  amenable  to 
simple  mathematical  modeling  are  evident.  As  a  result  of  this  situation,  and 
also  to  provide  the  utmost  in  simplicity,  the  model  of  MIL-F-8785B  is  completely 
isotropic  at  the  higher  altitudes  in  both  the  scales  and  the  rms  intensities. 

The  variation  of  Lu  and  at  low  altitudes  according  to  the  j 

one-third  power  of  altitude  above  ground  level  is  simply  a  mechanism  that  j 

forces  the  scales  of  the  two  horizontal  components  to  be  larger  than  the  j 

vertical  scale.  Although  these  formulas  produce  the  correct  trends,  . 

there  are  little  data  available  that  can  be  used  to  substantiate  the  h',s  ] 

as  used  in  MIL-F-8785B.  It  is  merely  a  formula  that  produces  reasonable  results.  J 

The  variation  of  =  h  appears  to  be  reasonably  well  established  (Reference 

MSS,  Figure  2.12).  j 

Although  two  sets  of  scales  have  been  specified,  one  for  the  •-  j 

von  Karman  spectral  form  and  the  other  for  the  Dryden  form,  there  are  not  two 
different  specifications  for  the  rms  intensity  .  This  rather  imperfect  j 

situation  is  the  result  of  the  way  in  which  the  data  of  MIL-F-§785B  were 
developed.  In  the  first  place,  the  rms  intensity  data  for  were  developed 

by  curve-fitting  the  Dryden  form  to  the  measured  spectral  data,  both  for 
clear  air  turbulence  and  thunderstorm  turbulence  (3.7.4),  using  the  assumed 
scales  given  in  3. 7. 3.2  and  3. 7, 4. 2.  Later  in  the  development  of  Section  3.7, 
it  was  decided  that  the  von  Karman  spectral  form  should  also  be  incorporated 
with  its  corresponding  scale  and  rms  intensity  data.  Because  of  the  differences 
in  the  high-frequency  asymptotic  nature  of  the  Dryden  (  ~  n~z  )  and 
von  Karman  (  ~  )  spectra,  it  is  impossible  to  obtain  exact  agreement 

of  the  magnitudes  of  the  two  spectral  forms  over  all  spatial  frequencies  or  wave¬ 
lengths.  However,  the  two  spectral  forms  can  be  made  to  match  reasonably 
well  over  the  range  of  spatial  frequencies  covered  by  measured  spectra,  which 
admittedly  do  not  extend  to  small  enough  frequencies  for  gust  response  analyses 
of  supersonic  (up  to  Mach  3  and  higher)  airplanes.  It  was  discovered  quite 
accidentally,  however,  that  a  reasonably  good  fit  of  the  von  Karman  spectra 
to  the  Dryden  spectra  could  be  obtained  by  using  the  rms  intensity  data 
developed  for  the  Dryden  spectra,  L  =  1750  ft,  along  with  the  currently 
popular  von  Karman  scale,  L  =  2500  ft,  given  in  3. 7. 3.1  and  3. 7. 4.1. 

This  curve  fitting  of  the  two  spectral  forms  is  reasonable  for  isotropic 
turbulence  over  the  band  of  spatial  frequencies  from  zero  to  about  1  rad/ft. 

However,  the  curve  fit  is  not  as  good  below  2500  ft  as  it  is  above  that  height 
because  the  scales  vary  differently  for  the  two  spectral  forms. 
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The  decision  was  made,  therefore,  to  use  this  particular 
fitting  of  the  two  spectral  forms.  The  result,  then,  is  that  the  MIL-F-8785B 
random,  continuous  turbulence  model  has: 

(1)  two  spectral  forms,  the  Dryden  and  the  preferred 
von  Karroan 

(2)  a  single  rms  vertical  gust  intensity  specification  for 
clear  air  turbulence  that  is  valid  for  both  spectral  forms, 

(3)  two  sets  of  equations  relating  the  mean-square 
intensities  and  the  scales  are  provided,  namely, 


(Dryden) 


for  the  Dryden  model,  and 


2 

(far 


/  */3 

Uu/ 


(von  Karman) 


for  the  von  Karman  model. 


These  are  based  on  factors  occurring  in  the  high-frequency  asymptotic  forms  of 
the  respective  spectra.  At  the  higher  altitudes,  both  spectral  models  exhibit 
complete  isotropy.  At  the  lower  altitudes  (near  the  ground) ,  both  spectral 
models  have  a  locally  isotropic  range  (at  the  high  end  of  the  frequency  spectrum) 
as  forced  by  the  sets  of  equations  above. 
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3.7.4  SCALES  AND  INTENSITIES  (THUNDERSTORM  TURBULENCE) 
REQUIREMENT 


3.7.4  Scales  and  intensities  (thunderstorm  turbulence).  The  root-mean-square 
intensities  a ^  ,  ef ^  ,  and  6^  are  all  equal  to  21  feet  per 

second  for  thunderstorm  turbulence.  The  scales  for  thunderstorm  turbulence 
are  defined  in  3. 7. 4.1  and  3. 7.4. 2.  These  values  are  to  be  used  when  evaluating 
the  airplane's  controllability  in  severe  turbulence,  but  need  not  be 
considered  for  altitudes  above  40,000  feet. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

The  thunderstorm  turbulence  is  to  be  used  to  evaluate  airplane 
controllability  in  severe  turbulence.  Thunderstorms, of  course,  are  not  the  only 
source  of  severe  atmospheric  disturbances.  In  the  absence  of  other 
requirements,  then,  this  thunderstorm  turbulence  can  also  be  used  to 
get  some  feeling  for  both  the  random  and  discrete  effects  of  penetrating 
other  severe  turbulence  such  as  in  mountain  waves,  etc.  Generally,  less 
precise  control  is  to  be  expected  of  an  airplane  in  severe  turbulence. 
Nevertheless,  flying  qualities  must  not  degrade  to  the  extent  that  the 
airplane  becomes  uncontrollable  or  that  any  attempt  of  the  pilot  to  control  the 
airplane  is  liable  to  lead  to  overstress. 

Thunderstorm  turbulence  is  assumed  to  be  completely  isotropic; 
therefore,  the  rms  intensities  are  all  equal  (  ,  and  the 

scales  are  likewise  equal  (  *  /L^).  All  measured  thunderstorm 

spectra  indicate  that  isotropy  is  a  valid  assumption  (References  M72  and  M73). 
The  value  of  the  rms  intensities  is  =  21  ft/sec  (true).  This 

value  is  approximately  the  median  of  the  Rayleigh  distribution  for  <r^r  with 
c  =  18  ft/sec.  The  parameter  c  was  determined  by  fitting  the  measured 
spectra  of  References  M72  and  M73  to  obtain  ffz  /L  as  was  done  for  the  clear  air 
turbulence.  As  with  the  clear  air  turbulence,  the  specified  rms  intensities 
are  used  with  both  the  Dryden  and  von  Karman  spectral  forms,  although  they  were 
developed  specifically  for  the  Dryden  form. 

Since  only  the  most  severe  thunderstorms  penetrate  to  altitudes 
much  higher  than  about  40,000  ft,  and,  even  when  they  do,  they  are  often 
moat  intense  below  40,000  ft,  it  has  been  arbitrarily  decided  that  thunder¬ 
storm  turbulence  need  not  be  considered  above  this  altitude.  Another  factor 
contributing  to  this  decision  is  that  the  storms  may  be  avoided  more  easily 
at  the  higher  altitudes.  Of  course,  if  it  proves  necessary,  the  thunderstorm 
turbulence  model  may  be  employed  for  the  higher  altitudes. 


*  v 
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3. 7. 4.1,  3. 7. 4. 2  THUNDERSTORM  TURBULENCE  (SCALES) 
REQUIREMENT 


3. 7.4.1  Thunderstorm  turbulence  (von  Kantian  scales).  The  scales  for 

thunderstorm  turbulence  using  the  von  Karman  form  are  Lu  «  L ^  =  2500 

feet. 

3. 7. 4. 2  Thunderstorm  turbulence  ^Dryden  scales).  The  scales  for  thunderstorm 
turbulence  using  the  Dryden  form  are  Lu.  ~  Lv  ~  Lur  =  1750  feet. 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

The  values  of  scales  given  in  the  requirement  are  compatible  with  the 
spectral  data  of  References  M72  and  M73,  despite  the  fact  that  Reference  M73 
lists  scale  values  larger  than  2500  feet  for  the  von  Karman  fits  of  measured 
spectra  for  severe  thunderstorms.  Since  these  measured  spectra  exhibit  only 
the  high-frequency  asymptotic  slope,  they  permit  only  the  definition  of 
some  minimum  scale.  The  scale  of  3. 7. 4.1  is  greater  than  the  minimum 
indicated  by  the  measured  spectra  and  is  used  for  consistency  with  the  von 
Karman  clear  air  turbulence  scale. 


3.7.5  APPLICATION  OF  THE  TURBULENCE  MODELS  IN  ANALYSES 


M  V 


*  * 


REQUIREMENT 

3.7.5  Application  of  the  turbulence  models  in  analyses.  The  gust  velocities 
shall  be  applied  to  the  airplane  equations  of  motion  through  the  aerodynamic 
terms  only,  and  the  direct  effect  of  the  gust  on  the  aerodynamic  sensors 
shall  be  included  when  such  sensors  are  part  cf  the  airplane  augmentation 
system.  When  using  the  discrete  model,  all  significant  aspects  of  the 
penetration  of  the  gust  by  the  airplane  shall  be  incorporated  in  the  analyses. 
Application  of  the  continuous  random  model  depends  on  the  range  of  frequencies  of 
concern  in  the  analyses  of  the  airframe.  When  structural  inodes  are  significant, 
the  exact  distribution  of  the  gust  velocities  over  the  airframe  should  be 
considered.  For  this  purpose,  it  is  acceptable  to  consider  tig  and  Vg  as  being 

one-dimensional  functions  only  of  %,  but  ufg  shall  be  considered  two-dimensional, 

a  function  of  both  x  and  y,  for  the  evaluation  of  aerodynamic  forces  and 
moments.  When  structural  modes  are  not  significant,  airframe  rigid-body 
responses  may  be  evaluated  by  considering  uniform  gust  immersion  along  with 
linear  gradients  of  the  gust  velocities.  The  uniform  immersion  is  accounted 
for  by  tig  ,  l/g  ,  and  ur^  defined  at  the  airplane  center  of  gravity.  The 

angular  velocities  due  to  the  turbulence  are  equivalent  in  effect  to  the 
airplane  angular  velocities.  These  angular  velocities  are  defined  (precisely 
at  very  low  frequencies  only)  as  follows: 


*  * 


4  * 
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The  turbulence  velocities  Uj,  Vg ,  w^,  p q?,  and  t9  are  then  applied  to 
the  airplane  equations  of  motion  through  the  aerodynamic  terms.  For 
longitudinal  analyses  u«,  w^,  and  q<j  gusts  should  be  employed.  For 
lateral -directional  analyses  Vj ,  p^i  and  r^  should  be  used.  The  gust 
velocity  components  ug,  v^,  and  shall  be  considered  mutually  independent 
(uncorrelated)  in  a  statistical  sense.  However,  q^  is  correlated  with  w^, 
and  Tg  is  correlated  with  Vg .  The  rolling  velocity  gust  p.  is  statistically 
independent  of  all  the  other  gust  components.  " 

RELATED  MIL-F-8785  PARAGRAPHS 

None 

DISCUSSION 

General 


Paragraphs  3.7.1,  3.7.2,  3.7.3,  ,and  3.7.4  have  specified  the 
pertinent  statistics  for  a  random  continuous  and  a  discrete  model  of 
turbulence  in  terms  of  true  turbulence  velocities.  As  such,  the  turbulence 
velocities  are  to  be  considered  as  direct  increments  to  the  velocity  com¬ 
ponents  of  the  airplane  at  all  points  of  the  airplane.  For  purposes  of 
analysis,  the  continuous  turbulence  is  usually  defined  relative  to  the 
center  of  gravity  of  the  airplane,  which  is  the  origin  of  the  airplane 
body  axes,  but  any  suitable  reference  point  may  be  used  for  convenience 
in  application.  Then,  with  respect  to  this  chosen  reference  point,  the 
continuous  turbulence  varies  randomly  in  space  over  the  entire  length  and 
span  of  the  airplane  at  any  given  instant  in  time.  Furthermore,  the 
distribution  of  turbulent  velocity  over  the  vehicle  changes  as  the  airplane 
moves  through  the  turbulent  field.  Likewise,  any  part  or  all  of  the 
airplane  may  be  immersed  in  a  discrete  gust  as  the  airplane  penetrates  the 
gust.  Thus  the  distribution  of  the  turbulent  velocity  over  the  airplane 
is  a  function  of  location  on  the  airplane,  whichever  mode  is  used;  and  this 
distribution  is  important  in  turtmlence  response  analyses.  Because  of  the 
small  vertical  dimension  of  the  airplane  relative  to  the  length  and  span, 
it  is  reasonable  to  ignore  variations  of  the  turbulence  over  the  vertical 
dimension  of  the  airplane.  Again,  this  comment  applies  to  both  the  random 
continuous  and  the  discrete  gust  models. 

The  turbulence  velocities  produce  incremental  aerodynamic  forces 
and  moments  that  act  on  the  airplane.  Since  all  analyses,  whether  they 
be  ultimately  in  the  frequency  or  time  domain,  start  with  the  airplane 
equations  of  motion,  it  is  important  to  understand  that  the  turbulence 
velocities,  either  random  continuous  or  discrete,  are  applied  to  the 
equations  of  motion  only  through  the  aerodynamic  terms.  Turbulence 
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increments  are  not  applied  to  inertial  (acceleration)  terms  in  the  equations. 
However,  when  aerodynamic  sensors,  such  as  angle-of-attack  vanes,  are 
considered  in  analyses  of  airplane  augmentation  and  automatic  flight 
control  systems,  the  direct  effect  of  the  gust,  on  the  sensor  must 
be  included.  Inertial  sensors,  such  as  accelerometers  and  rate  gyros,  do 
not  sense  the  turbulence  directly.  These  comments  also,  of  course,  apply 
to  whichever  turbulence  model  is  used. 

The  turbulence  velocity  components  are  defined  in  MIL-F-8785B 
as  being  positive  along  the  positive  airplane  body  axes.  As  a  result  of 
this,  the  incremental  angles  of  attack  and  sideslip  are  defined,  using 
the  conventional  small-angle  approximations,  respectively  as: 


,  rad 
,  rad 


With  these  definitions,  the  total  angles  of  attack  and  sideslip  to  be  used 
with  the  aerodynamic  terms  in  the  equations  of  motion  are 


c*A  =  cC  + 

fit  M  fi  +0* 


where  oc-u/v  and  =  ir/v  are  the  nondimens ional  inertial  velocity  components. 

Since  w q  and  v9  have  some  distribution  over  the  length  and  span  of  the  air¬ 
plane,  so  also  do *g  and .  Furthermore  and^are  not  necessarily  uniform 
over  the  airplane  because  of  the  angular  velocities  (.p,?  ,  andr  )  of  the  air¬ 
plane  and  because  of  structural  flexibility,  if  this  is  considered.  Consequently, 
a.A  znd/fA  vary  over  the  length  and  span  of  the  airplane. 

The  definitions  of  and ,<$g  given  above  permit  definition  of  the  one¬ 
dimensional  spectral  densities  of*9  and  /Sg  in  terms  of  the  one-dimensional  spec¬ 
tra  of  w 9  and  Vg  respectively: 


««,  '  V*  **  M 

fy,  P>  -  7.  K,  (n) 
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The  two-dimensional  spectrum  of  a. g  is  obtained  similarly  from  the  two- 
dimensional  Wq  spectrum.  It  is  useful  to  note  also  that  rms  intensities 
are  also  related: 


%  -fv 


rad 

rad 


Therefore,  Figure  8  of  3.7.3  may  be  re-interpreted  as  a  requirement  for  <y 

9 

Specific  application  of  the  random  continuous  turbulence  model 
depends  on  the  range  of  frequencies  of  concern  in  the  analyses  of  the 
airframe,  that  is,  whether  the  airframe  is  rigid  or  flexible.  As  stated 
in  3.7.5,  when  structural  modes  are  significant,  the  exact  distribution 
of  the  turbulence  velocity  components  over  the  airframe  should  be 
considered.  In  general,  each  of  the  three  gust  velocity  components  is  a 
function  of  three  dimensions,  x,  y  and  z.  For  all  ordinary  airplanes,  the 
z  variation  of  the  gust  is  negligibly  small  and  will  be  ignored.  For 
purposes  of  MIL-F-8785B,  it  is  acceptable  to  consider  u  g  and  Vg  as 

being  one-dimensional  functions  of  x,  but  w g  must  be  considered  two- 

dimensional,  a  function  of  both  x  and  y,  for  evaluation  of  the  aerodynamic 

forces  and  moments.  Although  for  flying  quality  analyses,  the  y  variations 
of  Uj  and  v^  are  generally  of  relatively  minor  importance,  it  is  not 

necessarily  so  for  analyses  of  airframe  structural  loads.  It  should  be 
noted  that  for  some  unusual  airframe  configurations,  particularly  at  the 
low  altitudes  of  landing  approach,  the  y  variations  of  u^  may  be 

significant,  in  which  case  the  procuring  activity  will  state  specific 
requirements  for  u^  (if  necessary).  The  spanwise  (y)  variation  of 

w g  often  produces  significant  lateral  responses  of  the  airplane  and  is, 

therefore,  always  to  be  considered,  except  possibly  for  very  slender 
configurations  when  approved  by  the  procuring  activity.  This  idealization 
of  the  turbulence  field  permits  idealization  of  the  airframe,  for  calculation 
of  the  (generalized)  aerodynamic  forces  and  moments,  as  a  two-dimensional 
lifting  surface  (in  the  x-y  plane)  for  the  vertical  component  w g  and 

as  one -dimensional  force  distributions  (along  the  x  axis)  for  the  horizontal 
components  u^  and  Vg  .  Interactions  of  lifting  surfaces  caused, 

for  example,  by  turbulence -induced  downwash  fields  must  be  considered  in 
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the  analyses.  This  is  the  approach  to  be  used  generally.  Many  examples 
illustrating  this  approach  for  flexible  airplanes  in  a  more  or  less  complete 
form  may  be  found  in  the  literature,  e.g..  References  M74,  M75,  M76,  M78, 

M2 6  and  M30. 


Random  Gust  Simplification  for  Rigid-Body  Dynamics 


A  simpler  approach,  utilizing  one-dimensional  spectra,  may  be  used 
for  rigid-body  responses  of  the  airframe  when  the  dynamics  of  structural 
modes  are  not  significant.  (The  "rigid-body"  derivatives  may  be  corrected 
for  static  aeroelastic  effects.)  This  approach,  based  on  the  work  of  Etkin 
in  References  B70,  M79  and  M37,  assumes  that  the  exact  turbulent  velocity 
distribution  over  the  airframe  may  be  adequately  approximated  by  no  more 
than  the  constant  and  linear  terms  of  a  Taylor’s  series  expansion  (about 
the  airplane  center  of  gravity)  of  the  exact  gust  distribution.  Consistent 
with  the  dimensionality  assumptions  mentioned  previously,  the  Taylor's 
series,  to  first  order,  are: 


(o)  + 


9u, 


9  V 


*9  (*)  =  ^  (°)  + 


dx 


(*,  y)  -  %  (°j°)  * 


9u^ 

dy 


duTg 


dy 


where  the  0 subscript  on  the  first  partial  derivatives  means  that  they  are 
evaluated  at  the  airplane  center  of  mass.  The  uniform  immersion  is  accounted 
for  by  u^,  v^  and  w^  defined  at  the  airplane  center  of  gravity  (c.g.).  The 
linear  gradients  are  accounted  for  by  the  four  partial  derivatives. 

In  their  aerodynamic  effect  on  the  airframe,  three  of  the  linear 
gradients  are  considered  equivalent  to  the  airplane  angular  velocity 
components.  (This  situation  is  discussed  in  detail  later  in  this  paragraph). 
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Thus,  the  gradient  +  da ^  /Pjfi  ,  evaluated  at  the  airplane  c.g.,  is 

equivalent  aerodynamical ly  to  the  inertial  pitching  velocity  q  ,  and  similarly 
for  two  other  gradients  evaluated  at  the  c.g,: 


9(4J9 

Bii 


dur 

q  =  + — - 

9  9v 


r 

9 


9Vg 

9 *5 


As  used  in  connection  with  the  spectra  for  the  linear  gradients,  however, 
these  definitions  are  precise  only  at  very  low  spatial  or  temporal  frequency. 
The  g  subscript  is  used  to  distinguish  these  so-called  gust  angular 
velocities  from  the  inertial  angular  velocities  p,  q  and  r.  This 
equivalence  of  aerodynamic  effects  means  that  aerodynamic  terms  in  the 
equations  of  motion  that  involve  the  angular  velocity  components  are 
simply  multiplied  by  the  sum  of  the  inertial  and  gust  angular  velocities 
(References  M79  and  B70).  Therefore,  as  with  oaA  and  flA  the  total  angular 
velocities  are: 

f  *  ft 

t,  ’  *  *  *9 


It  should  be  mentioned  here  that  the  aerodynamic  effects  of  gust  gradients 
are  not  quite  the  same  as  the  effects  of  the  airplane  angular  velocities. 
Por  example,  in  rolling,  the  vertical  tail  experiences  a  side  gust  gradient 
in  the  z  direction;  this  z  gradient,  however,  is  not  present  in 
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Therefore,  strictly  speaking,  it  is  not  correct  to  use  the  complete  airplane 
derivative  L ^  to  determine  the  gust-induced  rolling  moment.  Generally, 
however,  for  and  ^ ,  effects  such  as  these  are  small,  so  that  the  simple 
replacement  of  and  9  with  f>A  and  in  the  aerodynamic  terms  is  very 
satisfactory.  When  the  airplane  yaws,  a  significant  spanwise  gradient, 

2ugldq  ,  is  impressed  on  the  wing;  however,  dir9  /9z  has  no  appreciable  effect 
on  the  wing  unless  sweepback  is  extreme.  Fortunately,  the  entire  derivative  Yr 
is  usually  negligible  unless  the  airplane  has  a  large  vertical  tail  (the  effect 
of  which  would  be  accounted  for  by  dt/'g  /  and  the  wing  contribution  to  Nr 

is  generally  small  compared  to  the  vertical  tail  effect.  Thus  the  effect  of 
this  discrepancy  is  normally  limited  to  Lf  which  is  difficult  to  estimate  and 
may  still  be  small  anyway.  So,  for  flying  quality  analyses,  the  simplified 
fg  (involving  only  the  lengthwise  gradient  of  the  side  gust)  may  well  be 
ade(fuate.  In  special  cases  where  it  is  not,  gust  derivatives  for  each  of  the 
two  gradients,  du,g  /dt)  and  9tfg /&%  may  be  estimated  separately  and  used. 

In  the  Taylor's  series  expansion  of  the  longitudinal  or  head-on  gust, 
US>  one  linear  gradient, .?«,/<?*,  has  not  yet  been  discussed.  This  gradient, 
which  makes  different  over  the  length  of  the  airplane  (e.g.,  different  at 
the  tail  from  at  the  wing),  has  no  counterpart  in  the  commonly  used  airplane 
stability  derivatives.  If  Ju^/9%  is  thought  to  be  significant,  a  gust  deriva¬ 
tive  may  be  derived  easily  that  will  permit  incorporation  of  that  effect.  How¬ 
ever,  the  use  of  3u$/9x  is  not  required  by  MIL-F-8785B  because  its  effect  on  fly¬ 
ing  qualities  is  believed  to  be  negligible  at  the  flight  speeds  of  conventional 
airplanes. 

The  one  unsteady  aerodynamic  effect  that  must  be  considered  in 
this  simpler  approach  for  a  rigid  airframe  is  the  effect  of  the  time-rate- 
of-change  of  the  vertical  gust  on  the  pitching  moment.  This  is 
represented  by 


dtlg  d€g  dv  d  9kTg 

dt  dz  dt 


j  - 

where  ~~  •  V  ;  therefore,  ota  *  -  q9 

at  7  J  7 


4S5 


This  equation  indicates  a  convenient  relationship  between  ct-  and  £  that 
will  be  used  here.  ? 

As  an  example  to  illustrate  the  use  of  the  gust  variables,  the 
following  linearized,  two-degree-of- freedom  longitudinal  equations  of  motion 
are  given: 


LIFT 


4  “  t-S-rfa  * 


PITCHING 

MOMENT 


It  should  be  emphasized  that  the  gust  variables,  with  the  g  subscript, 
appear  only  in  the  aerodynamic  terms,  not  in  the  inertial  terms.  These 
equations  also  illustrate  that  only  standard  airplane  stability  derivatives 
(here  in  dimensional  form)  are  used  in  this  simj ler  approach  for  the  flying 
quality  analyses  of  assumed  rigid  airframes. 


Spectra  for  Simplified  •fig ,  ,  tg  and  a ^ 


Reference  M37  presents  expressions  for  the  spectral  densities  of 


_ 

~  •  S}> 


* 


*5 


-  -  iftwhich  are  based 


*  a*  b  m-*i  and  at  *  -9' 

on  the  Dryden  spectral  form.  The  expressions  are  rather  complicated  algebraic 
and  transcendental  functions  of  the  longitudinal  spatial  frequency /2( 

using  the  notation  of  Reference  M37)  and  of  the  parameter  ,  which 


depends  on  tne  wing  span  of  the  airplane.  For  use  in  the  flying  quality 
analyses  of  assumed  rigid  airframes,  the  expressions  for  ^  ,  <j^  and 

can  be  simplified  appreciably  by  curve  fitting  the  exact  expressions  with 
simpler  expressions  that  are  functions  of  Cir  (the  1  subscript  has  been 
dropped.)  The  sinqplified  expressions,  which  fit  the  exact  expressions  for 
the  spectra  over  a  wide  range  of  Ci  ,  are  as  given  in  3.7.5.  The  three 
spectra  depend  on  the  wing  span  (r  . 


The  spectra  of  and  are  seen  to  be  the  spectra  of  cSq  and  , 
respectively,  multiplied  by  a  factor  that  corresponds  with  an  approximate 
differentiation  of  andvi  by  JC  .  Ordinarily  the  spectra  for  ^  and  K 
would  be  obtained  according  to  the  following  simple  formulas  that  represent 
exact  differentiation: 
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but,  if  the  spectra  for  ufj  and  are  those  of  either  3. 7.2.1  or  3. 7. 2. 2, 

the  mean-squares  of  £«  and  are  not  defined  since  and  would 

not  tend  to  zero  as  /Z7  approaches  infinity.  To  overcome  This  problem,  the 
factors  (representing  the  approximate  differentiation)  as  shown  in  3.7.5  are 
used  to  force  the  spectra  of  and  to  approach  zero  more  rapidly  as 
spatial  frequency  increases  tov&rds  infinity.  These  factors  are  obtained,  as 
mentioned  before,  by  curve  fitting  the  results  of  Reference  M37.  In  Reference 
M3 7,  tne  spectra  for  and  are  actually  obtained  as  indicated  by  the 
simple  formulas  above  (multiplication  by  flz  ) .  The  problem  of  undefined 
mean-squares  for  (fa  and  does  not  occur  in  Reference  M37  because  the 
spectra  of  uTj  and7  i ^  in  that  reference  decrease  more  rapidly  to  zero  than  the 
spectra  for  ur^  and  iTj  in  3. 7. 2. 2. 

The  spectrum  of  y|  given  in  3.7.5  is  a  rational  function  that  is  a 
curve-fit  of  the  very  complicated  algebraic  and  transcendental  function  given 
in  Reference  M37.  As  in  the  reference,  it  depends  on  the  wing  span  (r  .  In 
fact,  both  the  high  and  low  frequency  asymptotes  depend  on  the  wing  span. 

As  a  result  of  this,  the  spectrum  is  not  simply  the  u/j  spectrum  multiplied 
by  some  factor  as  is  the  case  with  the  ^  and  spectra. 

The  spectral  expression  for  7^  is  to  be  used  without  change  regardless 
of  which  spectral  forms,  von  Karman  or  Dryden,  are  used  for  o/j  ,  and 

O/o  •  hut,  since  the  expressions  for  the  0-  and  spectra  in  3.7.5  are  just 
mollified  versions  of  and  t/j  spectra  respectively,  it  would  be  possible  to 
use  either  von  Karman  or  Dryden  spectra  for  (aJj  and  J5  .  However,  for 
simplicity  the  spectra  used  for  u&  and  tCT  may  alsone  used  in  the  expressions 
for  ^ *  and  yl  respectively.  Tnis  is  permissible  because  as  Reference  M37 
states,7  the  higner  the  order  of  the  spectrum  in  terms  of  derivative  of  the  velocity 
component,  the  smaller  is  its  contribution  to  the  overall  airplane  response.  In 


other  words,  the  spectra  of  Uq  ,  t/S  and  eji  contribute  appreciably  greater 
portions  of  the  airplane  gust  Response  than  Jdo  A  ,  and  fC  .  Thus  the 
significance  of  the  inaccuracies  in  the  curve  fits  is  minimized.  The  significance 
of  the  differences  between  the  ^  ,  0-  ,  .  and  jC  spectra  as  would  be  developed 

from  the  von  Karman  and  Dryden  spectral  forms  is7  also  minimized.  Actually,  in 
the  formulas  of  Reference  M37  the  magnitude  of  the  -A  spectrum  decreases  asympto¬ 
tically  according  to  /2'3  at  high  frequencies,  and  the  magnitudes  of  fy.  and  fq 
decrease  as  /r'  .  In  3.7.5  however^  the  Dryden  spectra  for  /£  ,  Q»  ,  and  fg3 

are  only  approximations  since  all  decrease  asymptotically  as  jV*  at^high  frequencies. 
Although  it  is  recommended  that  the  formulas  given  in  3.7.5  be  used,  if  more  precise 
results  are  desired,  the  exact  formulas  of  Reference  M37  may  be  used  with  the 
appropriate  value  of  .  The  spectra  given  in  3.7.5  are  simpler,  and  they  may 
be  spectrally  factored  as  will  be  described  later. 


Random  Gust  Simulation  and  Analysis 


The  random  turbulent  velocity  components  have  been  assumed  to  be 
statistically  independent  at  all  altitudes  (see  discussion  for  3.7.3),  with  the 
following  consequences  for  MIL-F-8785B: 


(1)  The  three  gust  velocity  components,  Us  ,  i/i  (or  ) 
and  ufi  (or  CL -  )  are  mutually  statistically  independent 
(uncorrelatea) .  This  means  that  in  simulations  of  airplane 
gust  response,  each  of  these  components  requires  a  separate 
(independent)  noise  source. 


(2) 

(3) 

(4) 


Since  0 *  is  linearly  related 
with  3  (or«j);  similarly  fj 


to  it/i  (or  Ohs  ),  0. 
is  correlated  witlf J 


is  correlated 
t/y  (or  fi  ). 


Also  is  correlated  with 

The  rolling  velocity  gust  /p 
(uncorrelated  with)  any  ana 


•  since  tfy  =-  f 

is  statistically  independent  of 
all  of  the  other  gust  variables. 


(5)  The  gust 
with  Urn 

(See  Reference  M37  for  spectrum  of  oUq  /&%  and  for  the  cross- 
spectral  density  between  and  )• 


gradient  /ftp  (not  generally  required) 


is  correlated 


These  statistical  conclusions  concerning  the  gust  variables  are  of  great  impor¬ 
tance  in  either  frequency- domain  or  time-domain  analyses  of  airplane  gust 
response  using  the  continuous  random  turbulence  model.  In  all,  for  a  six- 
degree-of- freedom  simulation,  mechanization  of  the  turbulence  model  would 
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require  four  independent  random  noise  sources.  For  three-degree-of-freedom 
longitudinal  analyses,  the  ^  (°r  )  and  =-<*!-  (and  possibly 

dll  /  $  J 

9  /dV)  gusts  are  used,  requiring  two  independent  random  noise  sources  in 

simulations.  For  three-degree-of-freedom  lateral-directional  analyses,  the 

(or  fiq  ) ,  ~pq  and  75  gusts  are  used,  requiring  again  two  independent  noise 
sources  for  simulations. 


Time  history  simulations  of  atmospheric  turbulence,  whether  analog  or 
digital,  are  probably  most  often  obtained  by  passing  a  Gaussian  random  "white" 
noise  signal  through  a  nrocess  represented  by  a  transfer  function  T  (s)  in¬ 
volving  the  Laplace  transform  variable  s.  It  can  easily  be  shown  that  the 
spectral  density  of  the  resulting  time  history  is  proportional  to 

T* (i*))  T(ja>)  ~  \  T(jco)\Z 

where  s  has  been  replaced  by  (j  «  ypT)  and  the  asterisk  denotes  the  complex 
conjugate.  Thus,  if  a  power  spectral  density  0(o»)  is  a  ratio  of  polynomials 
in  cl>3  ,  then  it  can  be  spectrally  factored  into  the  product  of  T  (j 'to)  and 
its  complex  conjugate;  and  T  ( ja> )  with  s  replacing  jeo  is  the  Laplace 
transform  of  a  linear  constant-parameter  system.  The  Dryden  spectral  forms 
for  a  ,  V  ,  UTq  t  ,  q  and  fg  are  spectrally  factorable: 
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Because  q-  is  correlated  with  uf^  and  fg  is  correlated  with  ,  the  transfer 
function  formulas  above  provide  the  relationships  necessary  to  obtain  cross- 
spectral  densities  of  9  and  uTg  ,  and  of  f"g  and  if.  ,  that  are  consistent 
with  the  given  spectra:  “  “ 


$ur  a  c  $  f  or 
9*9  9 


*\n 


"9 


9r9 


These  spectra  are  approximations  of  the  more  complicated  formulas  in  Reference 
M37.  The  spectra  above  are  converted  to  functions  of  co  in  the  same  manner  as 
previously  described,  and  to  functions  of  cC.  and  ^  as  follows. 


$ 


-  $ 
y 


Y* 


9  v9 


The  von  Karman  spectra  for  tf-  ,  VS  ,  and  u/j  in  3. 7. 2.1  are  not 
spectrally  factorable.  In  time-domain  ’simulations,  therefore,  either  the 
Dryden  spectra  must  be  used  or,  alternatively,  the  von  Karman  spectra  must  be 
curve-fitted  to  a  satisfactory  degree  of  approximation  with  a  factorable 
spectral  form  for  which  a  transfer  function  in  s  may  be  obtained.  For  , 
only  one  spectral  form  is  specified.  As  mentioned  previously,  and  vZ  may 

be  used  to  generate  and  tj  respectively.  See  Reference  MSI  Tor  the  details 
of  time  history  simulation  of ’random  continuous  turbulence. 

Frequency-domain  expressions  relating  response  spectra  to  the  above 
input  gust  spectra  are  developed  in  References  M56,  MSO  and  M81,  as  well  as 
M37.  The  simplified  random  continuous  turbulence  approach  just  described, 
although  recommended  for  rigid-airframe  analyses,  should  not  preclude  more 
detailed  and  precise  approaches  if  such  approaches  are  preferred  or  seem 
necessary. 
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Other  Considerations 


'  It  has  been  noted  that  some  data  show  signiiicantly  non-Gaussian  gust 

distributions.  Perhaps  an  exponential  distribution  is  more  realistic 
(Reference  M83) .  Reference  M84,  which  is  now  in  publication,  describes  a  way 
to  operate  on  white  noise  to  generate  exponentially-distributed  disturbances 
tnat  have  Dryden  spectra. 

For  some  analyses,  much  time  can  be  saved  by  recognizing  that  a 
linearly-filtered  white-noise  input  has  an  equivalent  deterministic  form 
(Reference  M85) .  Thus,  where  Gaussian-distributed  turbulence  with  Dryden 
spectra  are  acceptable,  for  example  the  equivalent  deterministic  input  can 
reduce  solution  time  from  minutes  to  seconds  in  an  analog  computer  analysis  to 
determine  rms  aircraft  responses. 


Discrete  Gust  Analyses  and  Simulation 

Finally,  as  stated  in  3.7.5,  all  significant  aspects  of  the  penetration 
of  the  discrete  gust  by  the  airplane  should  be  incorporated  in  analyses.  This 
implies,  also,  that  aerodynamic  sensors  such  as  angle-of-attack  vanes  may 
penetrate  any  part  of  the  discrete  gust  at  a  different  time  than,  for  example, 
the  wing  or  the  tail  of  the  airplane. 

In  analyses,  the  discrete  gust  is  ordinarily  used  for  one  axis  at  a 
time,  partly  because  of  different  length  tuning  requirements  that  may  apply  for 
each  axis  and  partly  because  this  has  been  traditional  with  discrete  gusts. 

This  usage  is  all  that  is  required.  However,  the  discrete  gust  may  be  used 
along  two  or  more  axes  simultaneously  in  order  to  simulate  the  effect  of  a 
gust  arbitrarily  inclined  relative  to  the  airplane.  If  an  inclined  gust  is 
used,  its  length  dm  should  be  tuned  in  turn  to  each  of  the  appropriate  natural 
frequencies  of  the  airplane  and  its  flight  control  system  (again,  higher- 
frequency  structural  modes  may  be  excepted).  The  magnitude  of  the  inclined 
gust  Vm  is  chosen  from  Figure  7  of  3,7.2, 3,  using  consistent  values  of  and 
L from  3.7.3  or  from  3.7.4.  These  values  of  and  are  to  be  used  regard¬ 
less  of  the  direction  of  the  inclined  discrete  gust  relative  to  the  airplane, 
in  spite  of  the  fact  that  and  refer  to  the  vertical  gust  velocity 
component.  Then,  for  use  in  the  airplane  equations  of  motion,  the  inclined 
gust  velocity  must  be  resolved  in  components  along  the  pertinent  airplane 
axes. 
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4.  QUALITY  ASSURANCE 


* 


REQUIREMENT 

4.1  Compliance  demonstration.  Compliance  with  the  requirements  of  Section  3 
may  be  demonstrated  through: 

Analysis 

Simulation 

Flight  Test 

The  methods  for  demonstrating  compliance  shall  be  established  by  agreement 
between  the  procuring  activity  and  the  contractor.  In  order  to  restrict  the 
number  of  design  and  test  conditions,  representative  flight  conditions,  con¬ 
figurations,  external  store  complements,  loadings,  etc,,  shall  be  determined 
for  detailed  investigation.  The  selected  design  points  must  be  sufficient  to 
allow  accurate  extrapolation  to  the  other  conditions  at  which  the  requirements 
apply.  Table  XV  gives  general  guidelines,  but  the  peculiarities  of  the 
specific  airplane  design  may  require  additional  or  alternate  test  conditions. 
The  required  failure  analyses  shall  be  thorough,  excepting  only  approved 
Special  Failure  States  (3. 1.6.2. 1). 

4. 2  Airplane  States 

4.2.1  Weights  and  moments  of  inertia.  Terms  in  table  XV  such  as  "heaviest 
weight"  and  "greatest  moment  of  inertia"  mean  the  heaviest  and  greatest 
consistent  with  3.1.2  and  3.1.3.  When  a  critical  center-of-gravity  position 
is  identified,  the  airplane  weight  and  associated  moments  of  inertia  shall 
correspond  to  the  most  adverse  service  loading  in  which  that  critical  center- 
of-gravity  position  is  obtained. 

4.2.2  Center-of-gravity  positions.  Terms  in  table  XV  such  as  "most  forward 
c.g."  and  "most  aft  c.g."  mean  the  most  forward  or  aft  consistent  with  3.1.2. 
When  a  critical  weight  or  moment  of  inertia  is  identified,  the  center-of- 
gravity  position  shall  correspond  to  the  most  adverse  service  loading  in  which 
that  critical  weight  or  moment  of  inertia  is  obtained. 

4.2.3  Thrust  setting^.  Thrust  settings  shall  be  as  listed  in  table  XVI. 

4. 3  Design  and  test  conditions 

4.3.1  Altitudes .  For  terminal  Flight  Phases,  it  will  normally  suffice  to 
examine  the  selected  Airplane  States  at  only  one  altitude  below  10,000  feet 
(low  altitude).  For  nonterminal  Flight  Phases,  it  will  normally  suffice  to 
examine  the  selected  Airplane  States  at  one  altitude  below  10,000  feet  or  at 
the  lowest  operational  altitude  (low  altitude),  the  maximum  operational 
altitude  (homax) ,  and  one  intermediate  altitude.  When  the  maximum  operational 
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altitude  is  above  40,000  feet  or  when  stability  or  control  characteristics 
vary  rapidly  with  altitude,  more  intermediate  altitudes  than  shown  in  table  XV 
shall  be  investigated.  When  the  Service  Flight  Envelope  extends  far  above  or 
below  the  Operational  Flight  Envelope,  the  service-altitude  extremes  must  be 
considered. 

4.3.2  Special  conditions.  In  addition  to  the  flight  conditions  previously 
indicated,  the  speed-altitude  combinations  that  result  in  the  following  shall 
all  be  investigated,  where  applicable: 

a.  Maximun  normal  acceleration  response  per  degree  of  elevator  deflection 

b.  Maximum  normal  acceleration  response  per  pound  of  stick  force 

c.  Highest  dynamic  pressure  and  highest  Mach  number. 

4.4  Interpretation  of  qualitative  requirements.  In  several  instances  through¬ 
out  the  specification,  qualitative  terms  such  as  "objectionable  flight 
characteristics",  "realistic  time  delay",  and  "ndrmal  pilot  technique",  have 
been  employed  to  permit  latitude  where  absolute  quantitative  criteria  might 
be  unduly  restrictive.  Final  determination  of  compliance  with  requirements  so 
worded  will  be  made  by  the  procuring  activity  (1.5). 
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MIL-F-8785B 
TABLE  XV 


DESIGN  AND  TEST  CONDITION  GUIDELINES 


RtQ’WT,  CRITICAL  LOADING  LOAO 

NO.  TITLE  •  (4.2.1,  4.2.2)  FACTOR  ALTITUDE  (4.3.1)  SPEED  FLIGHT  PHASE 


SUCTION  3.2 

LONG I TUO INAL  FLYING  QUALITIES 

1 

] 

3.2.  1.  1 

Longitudinal  static  stability 

Most  aft  c.g. 

I 

1 

0 

h  ,  m 

o  • 

am 

edium,  h 

v’  .  to  V 

min  max 

6  transonic 

CO.CR.LO.RR, 

FF.RT.PA.L, 

WO.TO.CT 

3. 2. 1.1.  1 

Relaxation  in  transonic  flight 

* 

3.2. 1.1.2 

Elevator  control  force  variations 
during  rapid  speed  changes 

— 

As  required 

V  to  V 

0  .  o 

am  max 

6  transonic 

CO.GA, 

DE 

3.2. 1.2 

Phugoid  stability 

Most  foivard  c.g.* 

1. 

0 

V  .  to  V 

min  max 

CR.LO. 

PA,RT 

3.2, 1.3 

Flight-path  stability 

— 

V 

°ain 

V 

°ain 

5  kt 

PA 

3.2.2. 1.1 

Short -period  frequency  and 
acceleration  sensitivity 

Most  forward  c.g.f 
and  most  aft  c.g.** 

V  .  to  V 

min  max 

*,CR,RT.PA,L. 

CT 

3.2.2.  1.2 

Short-period  damping 

Most  forward  c.g. 

V  ,  to  V 

min  max 

• ,CR,RT,PA,L 

CT 

3. 2. 2. 1.3 

Uesidual  oscillations 

— 

V  to  V 

o  .  0 

ain  max 

\PA 

3 .2.2.2 

Control  feel  and  stability  in 
maneuvering  flight 

Most  aft  c.g. 

n(-)  to  n(.) 

V  .  to 
min 

V 

max 

* ,RT,C 
CT 

R ,  PA ,  L , 

3.2. 2.2.1 

Control  forces  in  maneuvering 
flight 

Most  forward  c.g.* 
and  most  aft  c.g.** 

no(-)  to  n(.) 

3 .2.2. 2.2 

Control  actions  in  maneuvering 
flight 

Most  forward  c.g.* 

no(-)  to  n(.) 

1 

3. 2. 2. 3 

Longitudinal  pilot-induced 
oscillations 

— 

Min.  per¬ 
missible 
to  Bax . 
permissible 

— 

3.2.2. 3.1 

. 

Transient  control  forces 

Most  forward  c.g.* 
Most  aft  c.g.** 

1.0 

\RT,CR.PA,L, 

CT 

3. 2. 3.1 

Longitudinal  control  in 
unaccelerated  flight 

Most  forward  c.g. 

1.0 

- 

3.2. 3.2 

Longitudinal  control  in 
maneuvering  flight 

Most  forward  c.g.* 

As  required 

V  to  V 

O  .  0 

min  max 

CO.GA.AR.TF,  1 
CR.PA  | 

3. 2. 3. 3 

Longitudinal  control  in  takeoff 

Most  forward  c.g. 
for  nose-wheel 
airplanes,  most 
aft  c.g.  for 
tsil-whcrl 
airplanes 

1.0 

lc 

(W 

As  required 

TO 

3. 2. 3. 3.1 

Longitudinal  control  in 
catapult  takeoff 

Most  forward  c.g. 
and  most  aft  c.g. 

As  required 

Min.  safe 
launch  speed 
to  min.  *30 

CT 

3.2.3. 3.2 

Longitudinal  control  force  and 
travel  in  takeoff 

Most  forward  c.g. 
and  most  aft  c.g. 

As  required 

0  to  VMX  (TO) 

TO  ,CT 

3. 2. 3. 4 

Longitudinal  control  in  landing 

Most  forward  c.g. 

1.0 

Vs  (L)  or 

L 

3.2. 3.4. 1 

Longitudinal  control  forces  in 
landing 

Most  forward  c.g. 

1.0 

geometric 

limit 

L 

3.2. 3.5 

Longitudinal  control  forces  in  dives 
-Service  Flight  Envelope 

Most  forward  c.g.T 
and  most  aft  c.g.** 

As  required 

2000  ft  above 

MSL  to  h 

max 

V  .  to 
min 

V 

max 

D,ED,C0,CR 

3.2. 3.6 

Longitudinal  control  forces  in  dives 
-Permissible  Might  Envelope 

As  required 

As  required 

'  mat  10  ■“ 
permissible 

f>,E0,C0 

,CR 

3.2. 3. 7 

Longitudinal  control  in  sideslips 

— 

t.o 

h  ,  medium,  li 

0  .  0 

min  max 

''.in  ,0 

V 

max 

CO.CR.PA.L 

’Combined  with  heaviest  weight 
Combined  with  lightest  weight 
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TABLE  XV  (Cont.) 


RRQ'MT. 

NO. 


CRITICAL  LOADING 
(4.2.1,  4.2.2) 


LOAD 

FACTOR 


ALTITUDE  (4.3.1)  SPEED 


FLIOIT  PHASE 


SECTION  3.3 


3. 3. 1.1 

3.3.  1.2 

3. 3. 1.3 

3. 3. 1.4 


LATERAL -DIRECT  IONA1.  FLYING  QUALITIES 


Lateral-directional  oscillations 
(Dutch  roll) 


Spiral  stability 


Coupled  roll  spiral  oscillation 


Greatest  yawing 
moment  of  inertia 

Greatest  rolling 
moment  of  inertia 


1.0  and  n^(*) 
o 

1.0  and  no(+) 
1.0 

1.0  and  n  (♦) 


h_  ,  mediu 
°min 


'  ,CR,RT ,PA ,L 
.CR.PA.L 


* ,CL,CR ,L0,RT 
DE , PA , L 


* ,CR,PA,L 


3. 3.2.1 

3. 3.2.2 
3. 3.2.2. 

3. 3.2. 3 

3. 3. 2. 4 

3. 3.2. 4. 

3.3.2.5 

3. 3. 2.6 


Lateral-directional  response  to 
atmospheric  disturbances 

Roll  rate  oscillations 

Additional  roll  rate  requirement 
for  snail  inputs 

Bank  angle  oscillations 

Sideslip  excursions 


Additional  sideslip  requirement 
for  small  inputs 

Control  of  sideslip  in  rolls 
Tum  coordination 


1.0 

1.0  and  n  (♦) 


Greatest  yawing 
and  rolling 
moment  of  inertia 


Greatest  rolling 
moment  of  inertia 


As  required 


*, CR.PA.L 


CO.GA.AR.TF, 

CR.PA.L 


CO.CR.LO.PA 


3.3.3 


Pilot- induced  oscillations 


Min.  permis¬ 
sible  to  max. 
permissible 


3.3.4 

3.3.4.  1.  1 

3.3.4. 1.2 

3.3.4. 1.3 

3. 3.4. 1.4 

3. 3. 4. 2 

3.  3,4.3 

3. 3. 4. 4 


Roll  control  effectiveness 

Air-to-air  combat 

Ground  attack  with  external  stores 

Roll  rate  characteristics  for 
ground  attack 

Roll  response 
Aileron  control  forces 

Linearity  of  roll  response 
Wheel  control  throw 

Rudder-pedal- induced  rolls 


Greatest  rolling 
moment  of  inertia 


As  required 
(not  above 
0.8  n,) 


Smallest  rolling 
moment  of  inertia 

Greatest  and 
smallest  rolling 
moment  of  inertia 


Greatest  rolling 
moment  of  inertia 


h_  ,  medii*, 
°min 
h 

°max 


min 


h  ,  medium 
°min 


CO ,CA, AR ,TF, 
CR.PA.L 

CO 

GA 

GA 


CO.GA.AR.TF, 

CR.PA.L 


C0,GA,AR,TF, 

CR.PA.L 


CL.CR.D.PA 


3.3.5 
3. 3.5.1 


Directional  control  characteristics 

Directional  control  with  speed 
change 

Directional  control  with 
asymmetric  loading 


Directional  control  in  wave-off 
(go- around) 


n(-)  to  n(*) 


,  medium, 

°min 

h0 

max 


r, CR.PA.L 


CO.GA.CR.D, 
PA ,  L 


Lightest  weight 


V  to  V 
o  ,  o 

min  max 


v.i„  (pA> 

guaranteed 

landing  speed 


3.3.6 
(3. 3.6. 1, 

3. 3.6.2, 

3. 3.6. 3, 

3.  3.6.3.  1 
3.3.6. 3.2)1 


Lateral -directional  characteristics 
in  steady  sidesl ips 


h_  ,  mediu 
min 
h 

°ux 


CO. CR.PA.L 
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- 


Lateral-directional  control  in 
cross  winds 


3.3.7.  1 

Final  approach  in  cross  winds 

3. 3. 7. 2 

(3.  3.  7.  2.1 
3.  3.  7. 2. 2) 

Takeoff  run  and  landing  rollout  in 
crosswinds 

3.3.7.  3 

Taxiing  wind  speed  limits 

3.  3.8 

_ 

Lateral-directional  control  in 
dives 

Thrust  loss  during  takeoff  run 

Thrust  loss  after  takeoff 

WBBM 

Transient  effects 

Asyanetric  thrust  -  rudder  pedals 
free 

m 

Two  engines  inoperative 

I  SUCTION  3.4 

MISCELLANEOUS  FLYING  QUALITIES 

H 

Stall  warning  requi resents 

3.4. 2.3 

and 

3. 4. 2. 4 
(3. 4. 2. 4.1) 

Stall  characteristics  and 

Stall  recovery  and  prevention 

wm 

Spin  recovery 

n 

Roll-pitch' yaw  coupling 

3.4. S 
(3.4.5. 1) 

Control  hanaony 

3.4.6 

Buffet 

3.4.7 

Release  of  stores 

3.4.8 

Effects  of  armament  delivery 
and  special  equipment 

3,4.9 

Transients  following  failures 

TABLE  XV  (Cont.) 


REQ'Mf .  CRITICAL  LOADING  LOAD 

NO.  TITLE  (4.2.1,  4.2.2)  FACTOR  ALTITUDE  (4.3.1)  SPEED  FLIGHT  PHASE 


■ 

CHARACTERISTICS  OF  THE  PRIMARY 

FLIGHT  CONTROL  SYSTEM 

Meet  .nical  characteristics 

— 

n0<-)  to  no(.) 

h  and  h 

0  .  0 

min  max 

V  ,  to  V 

min  max 

— 

3.S.3 

(3.S.3.1, 

3.S.3.2) 

' 

Dynamic  characteristics 

most  forward  c.g. 

$  lowest  values  of 
rolling  and  yaw¬ 
ing  moments  of 
inertia 

1.0 

— 

3.S.S 

(3.S.S.1, 

3.S.S.2) 

Failures 

— 

all 

— 

3.5.6 
(3.5.6. 1, 

3. 5.6.2) 

Transfer  to  alternate  control  nodes 

1.0 

h  .  medium,  h 

o  .  0 

min  max 

— 

SECTION  3.6 

3.6.  1 

3.6. 1.1 

CHARACTERISTICS  OF  SECONDARY 

CONTROL  SYSTEMS 

Trim  system 

Trim  for  asymmetric  thrust 

most  forward  c.g. 
and.nost  aft  c.g. 

most  forward  c.g. 
and  most  aft  c.g. 

1.0 

1.0 

h  ,  medium,  h 

o  .  o 

min  max 

h  and  max . 

°min 

attainable 

V  .  to  V 

min  max 

V 

range 

t0  Vt 

(with  1(2 
engines  out) 

CR 

3. 6. 1.2 

3.6. 1.3 

3.6. 1.4 

Rate  of  trim  operation 

Stalling  of  trim  systems 

Trim  system  irreversibility 

most  forward  c.g. 
combined  with 
heaviest  weight 

1.0 

As  required 

1.0 

As  required 

As  required 

MSL  to  h>#x 

As  required 

Start  of 
dive  recov- 

t0  v»« 

V.tO  *°  V..X 

CO.GA.D.ED 

D.ED.CO.CR 

Speed  and  flight-path  control 
devices 

— 

1 .0  to  nQ(*) 

h  ,  medium,  h 

min  max 

u  *°  v„ 

°.in  °..i 

*, RT.ED.DE, 
PA.WO.GA 

3.6.3 

3.6.3. I 

Transients  and  trim  changes 

Pitch  trim  changes 

— 

no(-)  to  no(.) 

As  required 

h  ,  medium,  h 

min  °max 

As  required 

t0  V„ 

°min  °max 

As  required 

CO.CR.PA.TO.CT 

m 

Auxiliary  dive  recovery  devices 

most  aft  c.g. 
combined  with 
lightest  weight 

As  required 

MSL  to  hMJ| 

V  to  V 

°min  ,M 

D.ED 

Direct,  normal- force  control 

— 

1.0  i maxi mum 

DLC  authority 

h  ,  medium,  h 

o  o 

min  max 

Vo  ,0  Vo 

min  max 

— 

SECTION  3.7 

ATMOSPHERIC  DISTURBANCES 

— 

1.0 

MSL  to  h.,. 

V  ,  to  V 

min  max 

— 

NOTES : 


(1)  a  dash  (-)  indicates  no  general  guidance  can 
be  provided. 

(2)  The  phrase  "as  required"  Beans  the  flight  conditions 
are  specified  in  the  requirement  or  are  determined 
by  the  nature  of  the  test  maneuver. 

(3)  An  asterisk  (•)  meant  all  applicable  Category  A 
Flight  Phases. 
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RELATED  MIL-F-8785  PARAGRAPHS 

None  specifically  related 
DISCUSSION 
General 


The  philosophy  underlying  MIL-F- 8785B  is  that  the  requirements  should 
apply  under  those  conditions  in  which  the  airplane  operates.  The  requirements 
therefore  apply  in  those  flight  regimes,  with  those  loadings  and  external  store 
combinations,  and  in  those  geometric  configurations  required  by  the  airplane's 
missions  plus  failure  considerations.  Since  normal  or  critical  values  of 
these  parameters  for  each  requirement  are  generally  different  for  each  airplane, 
it  was  not  possible  to  specify  them  in  this  general  specification. 

It  is  recognized,  however,  that  the  number  of  design  or  flight  test 
points  that  can  be  examined  in  detail  is  generally  severely  limited  by  both 
time  and  money;  so  guidance  should  be  provided  to  limit  the  magnitude  of  the 
design  task  or  flight  test  program.  Section  4  was  drafted  in  order  to  provide 
guidelines  to  aid  in  the  selection  of  design  or  flight  test  points. 

In  Table  XV,  guidance  on  loading,  flight  condition  (speed,  altitude 
load  factor)  and  Flight  Phase  has  been  provided.  The  information  on  loading 
relates  to  critical  weight,  center-of-gravity  and/or  moment-of-inertia  condi¬ 
tions  with  respect  to  each  requirement.  Information  on  flight  condition  relates 
to  those  ranges  of  speed,  altitude,  and  load  factor  that  are  operationally 
significant  and  do  not  necessarily  represent  most  critical  conditions.  (A  more 
detailed  discussion  of  load  factor  is  presented  below.)  The  Flight  Phases 
specified  are  those  which  are  either  most  critical  or  which  are  most  intimately 
related  to  a  given  requirement. 

The  general  approach  taken  in  MIL-F-8785  was  to  specify  loadings  and 
flight  conditions  at  whicli  the  requirement  should  be  examined,  as  in  Table  II 
of  MIL-F-8785  for  example.  In  order  to  evaluate  the  merits  of  this  approach, 
the  specific  information  relating  to  each  requirement  in  MIL-F-8785  has  been 
tabulated  in  Table  I  of  this  section.  The  format  of  Table  I  is  similar  to  that 
of  Table  XV  in  MIL-F-8785B  so  that  the  degree  and  type  of  guidance  provided  in 
MIL-F-8785B  can  be  readily  compared  with  that  provided  in  MIL-F-8785. 

Examination  of  Table  I  reveals  that,  although  MIL-F-8785  is  specific  in  many 
areas,  there  are  many  requirements  where  no,  or  only  partial,  guidance  is 
provided.  In  those  areas  where  specific  conditions  are  stated,  it  can  be  seen 
that  in  many  cases  the  values  quoted  are  not  generally  applicable.  Thus, 
although  MIL-F-8785  does  limit  the  number  of  points  to  be  examined  for  some 
requirements,  the  values  selected  are  arbitrary.  Furthermore,  from  examination 
of  flight  test  reports  and  from  a  great  many  discussions  with  design  and  test 
organizations,  it  is  obvious  that  many  of  the  specified  conditions  in  MIL-F-8785 
are  ignored.  In  fact  these  discussions  have  revealed  that,  although  MIL-F-8785 
is  used  as  a  guide,  the  points  to  be  examined  are  generally  determined  from 
analysis  of  the  characteristics  of  each  airplane. 
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Section  4  of  MIL-F-8785B  attempts  to  recognize  these  facts  of  life, 
while  providing  general  guidance. 

Often  it  will  be  manifestly  impossible  to  flight  test  all  Airplane 
Failure  States  at  all  flight  conditions.  Since  a  comprehensive  failure  effect 
analysis  (3.1.10.1)  should  exist  at  that  stage,  it  can  be  used  as  a  guide  to 
more  frequent  failures  and  critical  items  that  should  be  checked  in  flight. 

As  with  all  other  flight  test  planning,  it  will  be  necessary  to  use  judgment 
to  apply  available  resources  most  effectively. 

When  a  flight  condition  is  stated  that  varies  with  loading,  flight 
test  should  be  as  near  the  critical  loading  as  feasible,  and  the  results 
corrected  to  the  critical  condition.  An  example  of  a  requirement  for  which 
this  is  often  necessary  is  3.2. 1.3,  flight  path  stability:  may  be 

determined  by  a  margin  from  stall  speed  and  thus  vary  with  gross  weight. 

Normal  Load  Factor  as  a  Handling  Qualities  Parameter 
Introduction 


Although  MIL-F-8785B  is  stated  to  apply  at  all  positive  and  negative 
load  factors  in  the  Flight  Envelopes,  the  similar  requirements  of  -8785  have 
never  been  fully  enforced.  In  fact,  the  only  investigations  (analytical  or 
flight  test)  at  n  )(  1  have  often  been  of  longitudinal  maneuvering  stability, 
and  sometimes  of  inertia  coupling.  There  have  been  some  investigations  of 
accelerated  stalls,  also,  and  plots  of  Cn  ,  Cn-  ,  etc.  at  high  Mach  number  vs. 
n  or  oc  .  fi  a 


Generally  one  would  expect  the  effect  of  normal  acceleration  to  be 
primarily  the  change  in  stability  and  control  derivatives  with  angle  of  attack 
at  constant  Mach  number.  In  incompressible  flow  the  aerodynamic  effect  of 
angle  of  attack  is  largely  reflected  in  equivalent-airspeed  variation  at  lg, 
with  oc  proportional  to  1/V  *  (the  exceptions  are  thrust  and  possible  viscous- 
flow  or  aeroelastic  effect!  which  create  significant  u-derivatives) .  Static 
stability  and  control,  therefore,  are  usually  only  weakly  dependent  on  air¬ 
speed  and  altitude  explicitly.  The  dependence  becomes  much  stronger  at  higher 
Mach  number.  At  transonic  and  supersonic  speed,  compressibility  changes  the 
derivatives  with  Mach  number.  But  hypersonically ,  the  derivatives  again  tend 
to  be  invariant  with  Mach  number.  So,  to  some  extent,  equivalent-airspeed 
variation  has  the  same  kind  of  effect  as  load- factor  variation. 


4 


<  * 


Dynamic  characteristics,  however,  are  functions  of  inertial  as  well  as 
aerodynamic  parameters.  Consequently,  in  general  they  are  functions  of  both 
angle  of  attack  and  airspeed  even  in  incompressible  flow.  Neglecting  changes 
in  nondimensional  stability  derivatives  except  for  square-law  drag,  the  explicit 
dependence  is  approximately  shown,  for  example,  by  these  characteristic  and 
control -response  parameters: 
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Wide  differences  in  speed  and  altitude  dependence  are  seen,  and  they  are 
largely  different  from  the  1/Ve2  dependence  of  oc  for  1-g  flight.  Variation 
of  the  nondimens ional  stability  derivatives  and  Ixz  with  angle  of  attack  can 
also  be  extremely  important;  some  of  these  considerations  are  mentioned  later 
in  this  discussion.  Since  compliance  must  be  demonstrated  at  several  altitudes, 
the  following  discussion  is  restricted  to  speed- load- factor  relationships. 

With  flight-test  time  becoming  more  expensive,  it  is  unrealistic  to 
demand  full  flight  tests  at  n  i  1.  The  saving  grace  is  the  computer,  which 
can  quickly  survey  the  flight  envelope,  much  less  expensively,  to  determine 
critical  points  for  flight  test.  Hopefully  the  flight  tests  will  be  extensive 
enough  to  verify  the  computer  data. 

Survey  of  Requirements  at  n  f  1 

Traditionally  roll  performance  has  been  demonstrated  at  low  g's  -- 
starting  from  1-g  flight  or,  more  commonly,  from  coordinated  turns  at  bank 
angles  up  to  half  the  requirement  value  (there  was  once  a  requirement  for 
fighters  to  roll  100°  in  the  first  second;  MIL-F-8785B  calls  for  30*  to  90° 
bank-angle  changes).  Operationally,  pilots  cotamonly  bank  to  pull  g's.  But 
if  roll  performance  at  high  g's  has  been  a  problem  on  a  given  aircraft,  it  has 
normally  been  related  to  angle-of-attack  effects  on  C f.  ,  aileron  yaw,  etc., 
or  to  inertial  coupling,  rather  than  to  decreased  control  effectiveness. 

Even  elevons,  that  have  reduced  roll  authority  at  large  pitch  deflections, 
have  been  satisfactory.  But,  on  the  other  hand,  for  some  maneuvers  roll 
performance  can  be  critical  at  n  >  1  (See  3.3.4), 

d  ten^s  to  decrease  somewhat  at  low  speed  because  of  the  contribution  of 

(n;  -  g/vT) . 
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Investigation  of  longitudinal  short-period  characteristics  at  n  ?/ 
should  be  made  for  Class  IV  aircraft  in  Category  A  Flight  Phases.  Recent 
studies  have  shown  that  air-to-air  tracking  accuracy  has  deteriorated  at  n  >1 
due  to  decreasing  short-period  damping  ratio.  Assurance  of  adequate  longi¬ 
tudinal  short-period  characteristics  should  be  obtained  to  the  load  factor 
limits  if  the  Operational  and  Service  Flight  Envelopes.  "Static"  maneuvering 
stability  at  all  load  factors  assures  short-period  stability  at  least,  and 
there  are  separate  pitch-up  requirements.  Positive-g  stalls  are  important. 

Load  factors  less  than  0  are  generally  avoided  in  operation  and  in  flight 
test,  but  can  be  examined  analytically  for  "static"  maneuver  characteristics. 

Phugoid  stability  could  be  important  in  prolonged  turns,  as  in  large 
course  changes  at  supersonic  speeds;  but  the  l-g  case  has  lower  drag  (less  Sp ) 
and  so  is  more  critical.  There  generally  appears  to  be  no  point  in  investigating 
phugoid  characteristics  at  n  jt  1. 


Dynamic  lateral-directional  stability  should  be  investigated  at  n  >  1. 
For  swept  and  low-aspect-ratio  wings,  -Cp.  characteristically  increases  with  a 
One  common  supersonic  phenomenon  is  the  induction  in  with  increasing  oc  . 


n<f ■ 


also  can  vary  with  <* ,  changing  the  roll-yaw  coupling.  These  characteristics 


commonly  deteriorate  with  increasing  angle  of  attack  and  are  important  in  turn 
entries  and  "steady"  turns.  With  dynamic  stability  assured,  there  is  no 
apparent  need  to  check  static  lateral -directional  stability  at  n>l.  Aircraft 
generally  are  not  flown  at  appreciable  sideslip  angles  in  combination  with  n 
much  different  than  1. 


Asymmetric  thrust  is  an  emergency  condition.  Though  the  possibility  of 
trouble  exists,  loss  of  an  engine  in  accelerated  flight  has  not  been  investi¬ 
gated.  The  lateral-directional  dynamics  investigations  at  high  g  offer  a 
measure  of  assurance  here.  Anyway,  a  pilot  would  quickly  reestablish  l-g 
flight  if  he  lost  an  engine.  The  l-g  investigation  appears  sufficient. 

Trimmability  is  most  important  at  l-g.  But  especially  at  high  speed, 
where  prolonged  turns  are  necessary  to  change  heading,  trimming  into  a  turn 
may  be  desirable.  That  should  be  investigated,  but  normally  would  not  be 
critical  because  large  control  deflections  must  be  trimmed  at  low  speed  anyway. 
The  transonic  trim  change,  however,  may  well  be  aggravated  by  higher  than  l-g 
angle  of  attack. 

Transfer  to  an  alternate  control-system  mode  could  well  be  more  critical 
at  n>l,  where  a  higher  angle  of  attack  is  attained  by  pulling  g's  rather  than 
by  slowing  dofcn.  The  tendency  to  increased  control  sensitivity,  ,  with 

increasing  speed  would  emphasize  any  failure  transient  that  becomes  more 
critical  at  high  angle  of  attack. 


472 


Conclusions 


In  summary*,  for  flight  investigations  of  flying  qualities  at  n  >  1 
the  major  emphasis  should  be  on: 

Stall,  pitch-up,  buffet 

Maneuvering  stability  and  control  effectiveness 

Longitudinal  short -period  dynamics  for  Class  IV,  Category  A  Flight  Phases 

Inertial  coupling 

v 

Dynamic  lateral-directional  stability 

Transonic  trim  change 

Dive  recoveries 

Failure  transients 

Longitudinal  short-period  dynamics  normally  need  not  be  investigated  for  other 
Classes  and  Categories  at  other  than  1-g  trim,  but  large -amplitude  perturbations 
should  be  considered.  At  least  qualitative  short-period  investigations  should 
be  made  at  n<  1,  but  in  view  of  operational  practice  it  seems  unnecessary  to 
conduct  flight  tests  at  steady-state  negative  g’s.  Qualitative  evaluation 
of  roll  performance  should  usually  be  enough  at  high  g’s. 

These  generalities  cannot  be  considered  universally  applicable.  Intelli¬ 
gent  use  of  wind  tunnels  and  computers  can  indicate  analytically  the  validity  of 
these  statements  in  a  given  case,  and  should  be  a  valuable  aid  in  flight-test 
planning  as  well. 
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flight  ! 
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aoet  forward  C.G. 
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L 
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landing  speed  | 

3.7.5 

Lateral  control  on  alternate  ayaten 

- 

H.  M,  L 

1 

- 

L 

VSt 

3.7.6 

Directional  central  on  alternate  ayat. 

L 

1.4  VS  (l -IS 
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landing  speed 

3.7.7 
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L 
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L 
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3.7.1 
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Table  I  (Section  4) 

MIL-F-8785  DESIGN  AND  TEST  CONDITIONS  (Cont.) 

Net*:  A  doth  (-)  mui  no  specific!  atntieMd  In  requlrem set  - 
Section  1,1  provides  tlie  folloxiMf: 

(s)  loading  (ref.  1.1.1):  optional  if  not  otherwise  specified 

(b)  Flight  conditions  (ref.  1.1.1,  1.1.1):  the  requirements  apply  to  all  load  factor  -  speed 
combinations  within  the  operations!  V-it  envelopes  at  the  following  4  altitudes: 

(1)  Low  (sea  level) 

(1)  Medium  (lowor  of  40\  of  service  ceiling,  or  40,000  feet) 

(1)  High  (SOI  of  service  ceiling) 

(4)  Combat  celling 


need  not  be  considered 
for  L,  PA,  NO,  TO 


5,  PREPARATION  FOR  DELIVERY 
REQUIREMENT 


5.1 


General. 


Not  applicable  to  this  specification. 


6  -  NOTES 


6.  NOTES 
DISCUSSION 

This  section  is  basically  an  expansion  of  Section  6  of  MIL-F-8785 
'  to  include  clarification  of  the  new  parameters  and  concepts  contained  in 
MIL-F- 8785B. 

Many  new  definitions  have  been  introduced  into  MIL-F- 8785B.  Because 
of  the  large  number  of  definitions,  paragraph  6.2  was  been  divided  into  sub¬ 
sections  for  clarity.  Most  of  the  definitions  should  be  self-explanatory;  but 
some  of  the  more  complex  parameters,  such  as  Vg  and  the  roll-sideslip  coupling 
parameters,  are  explained  more  thoroughly  in  the  discussions  of  the  requirements 
to  which  they  apply.  Symbols  used  in  Reference  A1  are  also  listed  alphabeti¬ 
cally,  along  with  other  symbols  used  in  this  document,  in  the  front  of  this 
volume. 


Paragraphs  6.5,  Engine  considerations ,  and  6.6,  Effects  of 
aeroelasticity,  control  equipment,  and  structural  dynamics,  give  general  design 
guidance  that  is  not  discussed  elsewhere  in  this  document.  Several  new  notes 
have  been  added,  including  a  clarification  of  the  stick  force  per  g  requirements 
(6.3),  a  note  on  gain  scheduling  (6.4),  a  clarification  of  the  concept  of  Levels 
and  a  discussion  of  the  computation  of  failure  probabilities  (6.7),  a  list  of 
related  documents  (6.8),  and  marginal  indicia  (6.9). 

For  completeness.  Section  6  of  Reference  A1  is  given  below.  No  further 
discussion  seems  necessary  because  the  notes  themselves  are  explanatory  in  nature. 

RELATED  MIL-F-8785  PARAGRAPHS 

Section  6 
REQUIREMENT 

6.1  Intended  use.  This  specification  contains  the  flying  qualities  require¬ 
ments  for  piloted  airplanes  and  forms  one  of  the  bases  for  determination  by 
the  procuring  activity  of  airplane  acceptability.  The  specification  serves 
as  design  requirements  and  as  criteria  for  use  in  stability  and  control 
calculations,  analysis  of  wind-tunnel  test  results,  flying  qualities  simulation 
tests,  and  flight  testing  and  evaluation.  The  requirements  are  intended  to 
assure  adequate  flying  qualities  regardless  of  design  implementation  or  flight 
control  system  mechanization.  To  the  extent  possible,  this  specification  should 
be  met  by  providing  an  inherently  good  basic  airframe.  Where  that  is  not  en¬ 
tirely  feasible,  or  where  inordinate  penalties  would  result,  a  mechanism  is 
provided  herein  to  assure  that  the  flight  safety,  flying  qualities  and 
realiability  aspects  of  dependence  of  stability  augmentation  and  other  forms  of 
system  complication  will  be  considered  fully. 

6.2  Definitions.  Terms  and  symbols  used  throughout  this  specification  are 
defined  as  follows : 


■%'# 
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6.2.1  General 


S 


Wing  area 


s 


-  Laplace  operator 


q 


dynamic  pressure 


MSL 


Airplane  Normal 
States 


-  mean  sea  level 

(-.  t93\ 

-  time  to  double  amplitude;  for  oscillations, 

T2  =  -.693r  for  first-order  divergences. 

-  the  nomenclature  and  format  of  table  XVI  shall  be 
used  in  defining  the  Airplane  Normal  States  (3. 1.6.1) 


Service  ceiling  -  altitude  at  a  given  airspeed  at  which  the  rate  of 

climb  is  100  ft/min  at  stated  weight  and  engine  thrust 


Combat  ceiling 
Cruising  ceiling 


max 


°max 

ho  •  _ 
mm 


-  altutude  at  a  given  airspeed  at  which  rate  of  climb 
is  S00  ft/min  at  stated  weight  and  engine  thrust 

-  altitude  at  a  given  airspeed  at  which  rate  of  climb 
is  300  ft/min  at  NRT  at  stated  weight 

-  maximum  service  altitude  (defined  in  3. 1.8. 3) 

-  maximum  operational  altitude  (3.1.7) 

-  minimum  operational  altitude  (3.1.7) 


c.g.  -  airplane  center  of  gravity 

6.2.2  Speeds 

Equivalent  airspeed  -  true  airspeed  multiplied  by  ,  where  is  the 

ratio  of  free-stream  density  at  the  given  altitude  to 
standard  sea-level  air  density 


Calibrated  airspeed 


-  airspeed-indicator  reading  corrected  for  position  and 
instrument  error  but  not  for  compressibility 


Refusal  speed 


the  maximum  speed  to  which  the  airplane  can  accelerate 
and  then  stop  in  the  available  runway  length 


M 


-  Mach  number 


V 


-  airspeed  (where  appropriate,  V  may  be  replaced  by  M 
in  this  specification),  along  the  flight  path 


482 


tgH—WI"  K!lWWii«|Bi 


-  stall  speed  (equivalent  airspeed),  at  lg  normal  to 
the  flight  path,  defined  as  the  highest  of: 

a.  speed  for  steady  straight  flight  at  Cl-^,  the 
first  local  maximum  of  the  curve  of  lift  coef¬ 
ficient  (L/qS)  vs.  angle  of  attack  which  occurs 
as  CL  is  increased  from  zero 

b.  speed  at  which  abrupt  uncontrollable  pitching, 
rolling  or  yawing  occurs;  i.e.,  loss  of  control 
about  a  single  axis 

c.  speed  at  which  intolerable  buffet  or  structural 
vibration  is  encountered 

(Note  that  3. 1.9. 2.1  allows  an  alternative 
definition  of  Vg  in  some  cases.) 

The  airplane  shall  be  initially  trimmed  at  approxi¬ 
mately  1.2  Vg  with  the  following  settings,  after 
which  the  trim  and  throttle  settings  shall  be  held 
constant: 


Conditions  for  Determining  Vs 


Flight  Phase 

Climb  (CL) 

Descent  (D) 

Emergency  descent  (ED) 
Emergency  deceleration  (DE) 
Takeoff  (TO) 

Approach  (PA) 
Wave-off/go-around  (WO) 
Landing  (L) 

All  other 


Thrust  Setting 

Normal  climb 

Normal  descent 

Idle 

Idle 

Takeoff 

Normal  approach 

Takeoff 

Idle 

TLF  at  1.2  Vs 


Trim  Setting 

For  straight  flight 

For  straight  Flight 

For  straight  flight 

For  straight  flight 

Recommended  takeoff 
setting 

For  normal  approach 
For  normal  approach 
For  normal  approach 
For  straight  flight 


In  flight  test,  it  is  necessary  to  reduce  speed 
very  slowly  (typically  1/2  knot  per  second  or 
less)  to  minimize  dynamic  lift  effects.  The  load 
factor  will  generally  not  be  exactly  lg  when  stall 
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occurs;  when  this  is  the  case,  Vs  is  defined  as 
follows: 

V 


VS(X)»  Vmin(X), 
vmax(x) 


where  V  and  are  the  measured  values  at  stall,  nf 
being  the  load  factor  normal  to  the  flight  path, 

short -hand  notation  for  the  speeds  V$,  Vmin,  Vmax 
for  .  given  configuration,  weight,  center-of-gravity 
position,  and  external  store  combination  associated 
with  Flight  Phase  X.  For  example,  the  designation 
VmaxCrO)  is  used  in  3. 2. 3. 3. 2  to  emphasize  that  the 
speed  intended  (for  the  weight,  center  of  gravity, 
and  external  store  combination  under  consideration) 
is  Vmax  for  the  configuration  associated  with  the 
takeoff  Flight  Phase.  This  is  necessary  to  avoid 
confusion,  since  the  configuration  and  Flight  Phase 
change  from  takeoff  to  climb  during  the  maneuver. 


'range 


-  trim  speed 

-  speed  for  maximum  endurance 

-  speed  for  maximum  lift-to-drag  ratio 

-  speed  for  maximum  rate  of  climb 

-  speed  for  maximum  range  in  zero  wind  conditions 

-  high  speed,  level  flight,  normal  rated  thrust 

-  high  speed,  level  flight,  military  rated  thrust 

-  high  speed,  level  flight,  maximum  augmented  thrust 

-  maximum  service  speed  (defined  in  3. 1.8.1) 

-  minimum  service  speed  (defined  in  3. 1.8. 2) 

-  maximum  operational  speed  (3.1.7) 

-  minimum  operational  speed  (3.1.7) 


6.2.3  Thrust  and 


Thrust  and  power 


-  For  propeller- driven  airplanes,  the  word  "thrust” 
shall  be  replaced  by  the  word  "power"  throughout 
the  specification 
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TLF 

-  thrust  for  level  flight 

NRT 

-  normal  rated  thrust,  which  is  the  maximum  thrust 
at  which  the  engine  can  be  operated  continuously 

MRT 

-  military  rated  thrust,  which  is  the  maximum  thrust 
at  which  the  engine  can  bo  operated  for  a  specified 
period 

MAT 

-  maximum  augmented  thrust:  maximum  thrust,  augmented 
by  all  means  available  for  the  Flight  Phase 

Takeoff  thrust 

-  maximum  thrust  available  for  takeoff 

6.2.4  Control  parameters 


Elevator,  aileron, 
rudder  controls 


Elevator  control 
force 


-  The  stick  or  wheel  and  rudder  pedals  manipulated  by 
the  pilot  to  produce  pitching,  rolling,  and  yawing 
moments  respectively;  the  cockpit  controls 

-  Component  of  applied  force,  exerted  by  the  pilot  on 
the  cockpit  control,  in  or  parallel  to  the  plane  of 
symmetry,  acting  at  the  center  of  the  stick  grip  or 
wheel  in  a  direction  perpendicualr  to  a  line  between 
the  center  of  the  stick  grip  or  wheel  and  the  stick 
or  control  column  pivot 


Aileron  control  -  For  a  stick  control,  the  component  of  control  force 

force  exerted  by  the  pilot  in  a  plane  perpendicular  to  the 

plane  of  symmetry,  acting  at  the  center  of  the  stick 
grip  in  a  direction  perpendicular  to  a  line  between 
the  center  of  the  stick  grip  and  the  stick  pivot. 

For  a  wheel  control,  the  total  moment  applied  by  the 
pilot  about  the  wheel  axis  in  the  plane  of  the  wheel, 
divided  by  the  average  radius  from  the  wheel  pivot  to 
the  pilot’s  grip. 


Rudder  pedal  force  -  Difference  of  push-force  components  of  force®  exerted 

by  the  pilot  on  the  rudder  pedals,  lying  in  planes 
parallel  to  the  plane  of  symmetry,  measured  perpen¬ 
dicular  to  the  pedals  at  the  normal  point  of  appli¬ 
cation  of  the  pilot's  instep  on  the  respective 
rudder  pedals 

Control  surface  -  A  device  such  as  an  external  surface  which  is  positioned 

by  a  cockpit  control  or  stability  augmentation  to 
produce  aerodynamic  or  jet-reaction  type  forces  for 
controlling  the  attitude  of  the  airplane.  As  used  in 
this  specification  the  elevator  surface,  aileron 
surface,  and  rudder  surface  are  the  control  surfaces 
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Direct  normal 
force  control 


Control  power 


or  devicea  which  are  controlled  by  the  stick  or  wheel 
and  rudder  pedal  a,  and  automatically  by  stability 
augmentation  ayatoma. 

-  A  device  producing  direct  normal  force  for  the  primary 
purpose  of  controlling  the  flight  path  of  the  air¬ 
plane,  Direct  normal  force  control  is  the  descriptive 
title  given  to  the  concept  of  directly  modulating 

the  normal  force  on  an  airplane  by  changing  its  lift¬ 
ing  capabilities  at  a  constant  angle  of  attack  and 
constant  airspeed  or  by  controlling  the  normal  force 
component  of  such  items  as  jet  exhausts,  propellers, 
and  fans. 

-  Rffectiveneas  of  control  surfaces  in  applying  forces 
or  moments  to  an  airplane.  For  example,  SOI  of 
available  aileron  control  power  is  50\  of  the  maximum 
rolling  moment  that  is  available  to  the  pilot  with 
allowable  aileron  control  force. 


6,2,5  Longitudinal  parameters 


v 

** 


»L 


nmax*nmin 


n (♦) ,  n(-) 


n°max’  n°min 

n00)»  n0(-) 


-  damping  ratio  of  the  short-period  oscillation 

-  undamped  natural  frequency  of  the  short-period 
oscillation 

-  damping  ratio  of  the  phugoid  oscillation 

-  undamped  natural  frequency  of  the  phugoid  oscillation 

-  normal  acceleration  or  normal  load  factor,  measured 
at  the  c.g. 

-  symmetrical  flight  limit  load  factor  for  a  given 
Airplane  Normal  State,  based  on  structural 
considerations 

-  maximum  and  minimum  Service  load  factors 

-  for  a  given  altitude,  the  upper  and  lower  boundaries 
of  n  in  the  V-n  diagrams  depicting  the  Service 
Flight  Envelope 

-  maximum  and  minimum  Operational  load  factors 

-  for  n  given  altitude,  the  upper  and  lower  boundaries 
of  n  in  the  V-n  diagrams  depicting  the  Operational 
Flight  Envelope 
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|  - -  n#(+)  AND  n#(-)  (OMAATIONAL  FLIOHT  INVItOK) 

.....  n(  +  )  AND  fl(-)  (II AVICI  AltINT  INVILOK) 

«  -  angle  of  attack;  the  angle  In  the  plane  of  symmetry 

between  the  fuselage  reference  line  and  the  tangent 
to  the  flight  path  at  the  airplane  center  of  gravity 

-  the  stall  angle  of  attack  at  constant  speed  for  the 
configuration,  weight,  center-of-gravity  position 
and  external -store  combination  associated  with  a 
given  Airplane  Normal  State;  defined  as  the  lowest 
of  the  following: 

a.  Angle  of  attack  for  the  highest  steady  load 
factor,  normal  to  the  flight  path,  that  can  be 
attained  at  a  given  speed  or  Mach  number 

b.  Angle  of  attack,  for  a  given  speed  or  Mach 
number,  at  which  abrupt  uncontrollable  pitching, 
rolling  or  yawing  occurs,  i.e.,  loss  of  control 
about  a  single  axis 

c.  Angle  of  attack,  for  a  given  speed  or  Mach  number, 
at  which  intolerable  buffeting  is  encountered 

d.  An  arbitrary  angle  of  attack  allowed  by  3. 1.9. 2.1. 

n/<*.  -  the  steady-state  normal  acceleration  change  per  unit 

change  in  angle  of  attack  for  an  incremental  elevator 

deflection  at  constant  speed  (airspeed  and  Mach 

number)  «* 

*  ► 
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1 


•m 


iy» 


i, 


•  gradient  of  steady-state  elevator  control  force 
versus  n  at  conatant  speed  (5. 2. 2,2,1) 

■  c.«  .ngl«,  r  .  .in  ">  .  po.itiv. 

for  climbing  flight  tru*  ^ 

•  aerodynamic  lift  plua  thrust  component,  normal  to 
the  flight  path 


o.2.ft  lateral "direct ional  parameters 
4 *s 


<*>* 


to. 


4 

f 

Post 

Pax 


-  displacement  of  the  ailoron  control  stick  or  wheel 
along  its  path 

-  first-order  roll  mode  time  constant,  positive  for 
stable  mode 

-  first-order  spiral  node  time  constant,  positive  for 
stable  mode 

‘  -'A* 

-  -  t/rs 

-  undamped  natural  frequency  of  numerator  quadratic  of 

transfer  function 

-  damping  ratio  of  numerator  quadratic  of 

function  AS 

•  undamped  natural  frequency  of  the  Dutch  roll 
oscillation 

-  damping  ratio  of  the  Dutch  roll  oscillation 

JFrr 

-  dampod  period  of  the  Dutch  roll,  Tg  ■ 


transfer 


V  ft-% 

-  bank  angle  measured  in  the  y-z  plane,  between  the 
y-axis  and  the  horizontal  (6.2.1) 

-  bank  angle  change  in  time  t  ,  in  response  to  control 
deflection  of  the  form  given  in  3.3.4 

-  roll  rate  about  the  x-axis  (6,2.1) 

-  a  measure  of  the  ratio  of  the  oscillatory  component 
of  roll  rate  to  the  average  component  of  roll  rate 
following  a  rudder-pedals-free  step  aileron  control 
command: 


4  fc 
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*  a.z : 


Ajjsl 


A 

k 


Kt 


O.Z\ 


f+tt 

f>4* 

-f*K 

f*V 


tillLlL '* 
ft  +*>* 2  fx 

ft ' 
fi+fi 


where  pt  ,  pt  and  fj  ere  roll  rates  at  the  first, 
second  end  third  peeks,  respectively,  (figures  9 
end  10). 

-  e  meesure  of  the  ratio  of  the  oscillatory  component 
of  a  bank  angle  to  the  average  component  of  bank  angle 
following  a  rudder-pedals-free  impulse  aileron 


control  command: 

t.  a  0.2  \ 

V 

£  ■>  0.JI 

-AjXSL  . 

-AlA*. 

where  4  ,  ^  and  ^are  bank  angles  at  the  first, 
second  and  third  peaks,  respectively. 

-  sideslip  angle  at  the  center  of  gravity,  angle 
between  undisturbed  flow  and  plane  of  symmetry. 
Positive,  or  right,  sideslip  corresponds  to  incident 
flow  approaching  from  the  right  side  of  the  plane  of 
symmetry. 

-  maximum  sideslip  excursion  at  the  c.g.,  occurring 
within  two  seconds  or  one  half-period  of  the  Dutch 
roll,  whichever  is  greater,  for  a  step  aileron- 
control  command 

-  ratio  of  "commanded  roll  performance"  to  "applicable 
roll  performance  requirement"  of  3.3.4  or  3.3.4, 1, 
where: 

(a)  "Applicable  roll  performance  requirement", 
(re)refutrtmtnt  .is  determined  from  3.3.4  a^. 

3. 3.4.1  for  the  Class,  Flight  Phase  Category 
and  Level  under  consideration. 


(b)  "Commanded  roll  performance",  ( A?) com-mand  * 
the  bank  angle  attained  in  the  stated  time  for 
a  given  step  aileron  command  with  rudder  pedals 
employed  as  specified  in  3.3.4  and  3. 3. 4.1 
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-  time  for  the  Dutch  roll  oscillation  in  the  sideslip 
response  to  reach  the  n*h  local  maximum  for  a  right 
step  or  pulse  aileron-control  command,  or  the  n™ 
local  minimum  for  a  left  command.  In  the  event  a 
step  control  input  cannot  be  accomplished,  the 
control  shall  be  moved  as  abruptly  as  practical  and, 
for  purposes  of  this  definition,  time  shall  be 
measured  from  the  instant  the  cockpit  control  deflec¬ 
tion  passes  through  half  the  amplitude  of  the  command¬ 
ed  value.  For  pulse  inputs,  time  shall  be  measured 
from  a  point  halfway  through  th^  duration  of  the  pulse. 

-  phase  angle  in  a  cosine  representation  of  the 
Dutch  roll  component  of  sideslip  -  negative 
for  a  lag 

=  -7—  +C-»-t)JoO(ctefre  os’) 


-  phase  angle  between  roll  rate  and  sideslip  in  the  free 
Dutch  roll  oscillation.  Angle  is  positive  when  -p 
leads 

-  at  any  instant,  the  ratio  of  amplitudes  of  the  bank- 
angle  and  sideslip-angle  envelope  in  the  Dutch  roll 
mode 


Examples  showing  measurement  of  roll-sideslip  coupling  parameters  are  given 
in  figure  9  for  right  rolls  and  figure  10  for  left  rolls.  Since  several 
oscillations  of  the  Dutch  roll  are  required  to  measure  these  parameters,  and 
since  for  proper  identification  large  roll  rates  and  bank  angle  changes  must 
generally  be  avoided,  for  fJ  ght  test,  step  aileron  inputs  should  generally 
be  small.  It  should  be  noted  that  since  is  the  phase  angle  of  the  Dutch 
roll  component  of  sideslip,  care  must  be  taken  to  select  a  peak  far  enough 
downstream  that  the  position  of  the  peak  is  not  influenced  by  the  roll  mode. 

In  practice,  peaks  occurring  one  or  two  roll  mode  time  constants  after  the 
aileron  input  will  be  relatively  undistorted.  Care  must  also  be  taken  when 
there  is  ramping  of  the  sideslip  trace,  since  ramping  will  displace  the 
position  of  a  peak  of  the  trace  from  the  corresponding  peak  of  the  Dutch  roll 
component.  In  practice,  the  peaks  of  the  Dutch  roll  component  of  sideslip  are 
located  by  first  drawing  a  line  through  the  ramping  portion  of  the  sideslip 
trace  and  then  noting  the  times  at  which  the  vertical  distance  between  the 
line  and  the  sideslip  trace  is  the  greatest.  (See  following  sketch  for  Case 
(a)  of  figyres  9  and  10.) 
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Since  the  first  local  maximum  of  the  Dutch  roll  component  of  the  sideslip 
response  occurs  at  t  ■  2.95  seconds. 


tfi  =  '-yr-  t„A  +(*-1)360  = 


-360 
3 .S 


(*.73)  *  -303° 


Level  1  flying  qualities  of  a  Class  IV  airplane  in  the  approach  are  under 
examination;  so  the  roll  performance  requirement  from  table  IX  upon  which 
the  parameter  "k"  in  the  sideslip  excursion  requirement  (figure  6)  is  based, 
is  =  30  degrees  in  1  second  with  rudder  pedals  free  (as  in  the  rolls  of 
3. 3.2.4).  From  the  definitions,  "k"  for  this  condition  is, 

^  _  (&t)  command 

(*)r  e^utr-e  nit  n't 

Therefore  from  figures  9  and  10  for: 


Case  (a),  k  =  9J  =  0.30 
30 


Case  (c),  k  =  6.8  =  0.23 
30 


Case  (b),  k  =  8. 1  =  0.27 
30 


Case  (d),  k  =  6.0  =  0.20 
30 
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6.2.7  Atmospheric  disturbances  parameters 


sx 


-  spatial  (reduced)  frequency  (radians  per  foot) 

-  temporal  frequency  (radians  per  second), 
where  ej  =  Ai/ 


v/ 

S  (Il) 
!„<A> 


f 
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-  random  gust  velocity  along  the  x  body  axis  (feet 
per  second) 

-  random  gust  velocity  along  the  y  body  axis  (feet 
per  second) 

-  random  gust  velocity  along  the  z  body  axis  (feet 
per  second) 

Note:  Uq  »  Vy  ,  iSa  have  Gaussian  (normal)  distributions, 
and  are  defined  positively  along  the  positive 
airplane  body  axes. 

-  root-mean -square  gust  intensity,  where 


cr*  =  f  £  (fl)  el  fl  *  y  f  C(nJ)  aluJ 
0  o 

-  root-mean-square  intensity  of 

-  root-mean- square  intensity  of 

-  root-mean -square  intensity  of 

-  scale  for  u ?  (feet) 

-  scale  for  (feet) 

-  scale  for  (feet) 

-  spectrum  for  ua  ,  where  /  (Cl)  *  (cj) 

'  /  / 

-  spectrum  for  er  ,  where  =  V (to) 

7  *2  ? 

-  spectrum  for  ,  where  /  fly  » 

-  generalized  discrete  gust  velocity,  positive  along 
the  positive  airplane  body  axes,  m  =  x,  y,  z  (feet 
per  second) 

-  generaxized  discrete  gust  length  (always  positive) 
m  =  x,  y,  z  (feet) 
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6.3  Interpretation  of  the  Fs/n  limits  of  table  V.  Because  the  limits  on 
Fs/n  are  a  function  of  both  nL  and  n/c t  ,  table  V  is  rather  complex.  To 
illustrate  its  use,  the  limits  are  presented  on  figure  11  for  an  airplane 
having  a  center-stick  controller  and  n^,  =  7.0. 


<> 


7?/<X~  ilRkD 

Figure  11  EXAMPLE  OF  ELEVATOR  MANEUVERING  FORCE  GRADIENT  LIMITS:  CENTER-STICK 
CONTROLLER,  nL  =  7.0 


^  6.4  Gain  scheduling.  Changes  of  mechanical  gearings  and  stability 

augmentation  gains  in  the  primary  flight  control  system  are  sometimes 
accomplished  by  scheduling  the  changes  as  a  function  of  the  settings  of 
secondary  control  devices,  such  as  flaps  or  wing  sweep.  This  practice  is 
generally  acceptable,  but  gearings  and  gains  normally  should  not  be  scheduled 
as  a  function  of  trim  control  settings  since  pilots  do  not  always  keep 
airplanes  in  trim. 

6.5  Engine  considerations.  Secondary  effects  of  engine  operation  may  have 
an  important  bearing  on  flying  qualities  and  should  not  be  overlooked  in 
design.  These  considerations  include  such  effects  as  engine  gyroscopic 
moments  influencing  airframe  dynamic  motions,  the  effects  of  engine  operation 
on  spin  characteristics  and  spin  recovery,  and  the  variation  of  engine- 
derived  power  for  actuating  the  flight  controls  with  engine  speed. 

6.6  Effects  of  aeroelasticity,  control  equipment,  and  structural  dynamics. 
Since  aeroelasticity,  control  equipment,  and  structural  dynamics  may  exert 
an  important  influence  on  the  airplane  flying  qualities,  such  effects  should 
not  be  overlooked  in  calculations  or  analyses  directed  toward  investigation 

-  >■  of  compliance  with  the  requirements  of  this  specification. 

6.7  Application  of  Levels.  Part  of  the  intent  of  3.1.10  is  to  ensure  that  the 
probability  of  encountering  significantly  degraded  flying  qualities  because 

of  component  or  subsystem  failures  is  small.  For  example,  the  probability  of 
encountering  very  degraded  flying  qualities  (Level  3)  must  be  less  than 
specified  values  per  flight. 

i  *■ 

6.7.1  Theoretical  compliance.  To  determine  theoretical  compliance  with  the 
requirements  of  3.1.10.2,  the  following  steps  must  be  performed: 

-  '  a.  Identify  those  Airplane  Failure  States  which  have  a  significant  effect  on 

flying  qualities  (3. 1.6. 2) 

b.  Define  the  longest  flight  duration  to  be  encountered  during  operational 
missions  (3.1.1) 

c.  Determine  the  probability  of  encountering  various  Airplane  Failure  States, 
per  flight,  based  on  the  above  flight  duration  (3.1.10.2) 

d.  Determine  the  degree  of  flying  qualities  degradation  associated  with  each 
Airplane  Failure  State  in  terms  of  Levels  as  defined  in  the  specific 
requirements . 

e.  Determine  the  most  critical  Airplane  Failure  States  (assuming  the  failures 
are  present  at  whichever  point  in  the  Flight  Envelope  being  considered  is 
most  critical  in  a  flying  qualities  sense),  and  compute  the  total  probability 

m%  of  encountering  Level  2  flying  qualities  in  the  Operational  Flight  Envelope 

due  to  equipment  failures.  Likewise,  compute  the  probability  of  encountering 
*  0  Level  3  qualities  in  the  Operational  Flight  Envelope,  etc. 


* 
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f.  Compare  the  computed  values  above  with  the  requirements  in  3, 1.10, 2  and 
3.1.10.3.  An  example  which  Illustrates  an  approximate  estimate  of  the  pro¬ 
babilities  of  encounter  follows:  if  the  failures  are  all  statistically  in¬ 
dependent,  determine  the  sum  of  the  probabilities  of  encountering  all 
Airplane  Failure  States  which  degrade  flying  qualities  to  Level  2  in  the 
Operational  Envolon*.  This  sum  must  bu  less  than  10"2  per  flight. 

If  the  requirements  are  not  met,  the  designer  must,  consider  alternate  courses 
such  as: 

a.  Improve  the  airplane  flying  qualities  associated  with  the  more  probable 
Failure  Staces,  or 

b.  Reduce  the  probability  of  encountering  the  more  probable  Failure  States 
through  equipment  redesign,  redundancy,  etc. 

Regardless  of  the  probability  of  encountering  any  given  Airplane  Failure 
States  (with  the  exception  of  Special  Failure  States)  tho  flying  qualities 
sha*l  not  degrade  below  Level  3. 

6.7.2  Level  definitions.  To  determine  the  degradation  in  flying  qualities 
parameters  for  a  given  Airplane  Failure  State  the  following  definitions  are 
provided: 

a.  Level  1  is  better  than  or  equal  to  the  Level  1  boundary,  or  number, 
given  in  section  3. 

b.  Level  2  is  worse  than  Level  1,  but  no  worse  than  the  Level  2  boundary, 
or  number. 

c.  Level  3  is  worse  than  Level  2,  but  no  worse  than  the  Level  3  boundary, 
or  number. 

When  a  given  boundary,  or  number,  is  identified  as  Level  1  and  Level  2,  this 
means  that  flying  qualities  outside  the  boundary  conditions  shown,  or  worse 
than  the  number  given,  are  at  best  Level  3  flying  qualities.  Also,  since 
Level  1  and  Level  2  requirements  are  the  same,  flying  qualities  must  be  within 
this  common  boundary,  or  number,  in  both  the  Operational  and  Service  Flight 
Envelopes  for  Airplane  Normal  States  (3.1.10.1).  Airplane  Failure  States 
that  do  not  degrade  flying  qualities  beyond  this  common  boundary  are  not 
considered  in  meeting  the  requirements  of  3.1.10.2.  Airplane  Failure  States 
that  represent  degradation®  to  Level  3  mus  ,  however,  be  included  in  the 
computation  of  the  probability  of  encountering  Level  3  degradations  in  both 
the  Operational  and  Service  Flight  Envelopes.  Again  degradation  beyond  the 
Level  3  boundary  is  not  permitted  regardless  of  component  failures. 

6.7.3  Computational  assumptions.  Assumptions  a  and  b  of  3.1.10.2  are 
somewhat  conservative,  but  they  simplify  the  required  computations  in  3.1.10.2 
and  provide  a  set  of  workable  ground  rules  for  theoretical  predictions.  The 
reasons  for  these  assumptions  are: 
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а.  "...  component*  and  system*  ere  ...  operating  for  «  time  period  per  flight 
equal  to  the  longest  operational  mUaiun  time  , Since  mo* t  component 

ft* i lure  data  are  in  term*  of  failure*  per  flight  hour,  even  though  continuous 
operation  may  not  he  tynical  (e.g,  yaw  damper  on  during  auperaonic  flight 
only),  failure  prohahi lit ie*  mu*t  be  predicted  on  a  p*r  flight  hast* 
using  a  "typical"  total  flight  time,  The  "longeat  operational  miaaion  time" 
a*  "typical"  i*  a  natural  reault,  If  acceptance  eye l#*«to- fal lure  reliability 
data  are  uvnilahle  (MII.-.STD- 75o) ,  theae  data  may  he  need  for  prediction 
purpose*  baaed  on  maximum  cycle*  per  operational  miaaion,  subject  to  procuring 
activity  approval.  In  any  event,  compliance  with  the  requirement*  of  3,1.10.2, 
a*  determined  in  accordance  with  Soction  4,  ta  baaed  on  the  probability  of 
encounter  per  flight, 

I).  "...  failure  is  assumed  to  be  present  at  whichever  point  ...  i*  moat 

critical  ...".  litis  assumption  la  in  keeping  the  requirements  of  3, 1,6,2 
regarding  Flight  Phases  subsequent  to  the  actual  failure  in  question.  In 
cases  that  are  unrealistic  from  the  operational  standpoint,  the  ipecific 
Airplane  Failure  States  might  fall  in  the  Airplane  Special  Failure  State 
classification  (3. 1 .6. 2. 1) . 

б, 8  Related  documents.  The  documents  listed  below,  while  they  do  not  form 
a  part  of  this  specification,  are  so  closely  related  to  it  that  thoir  con¬ 
tents  should  be  taken  into  account  in  any  application  of  this  specification. 


SPECIFICATIONS 


Military 

MI  L-C-501 1 

MI L-S-571 1 

MI  1.-M-7700 
MI L-A-8860 
MIL-A-8801 
MIL  -S-381 30 

MI L-G-38478 

PUBLICATION 


Charts;  Standard  Aircraft  Characteristics  and  Performance, 
Piloted  Aircraft 

Structural  Criteria,  Piloted  Airplanes,  Structural  Tests, 

--  Flight 
Manual,  Flight 

Airplane  Strength  and  Rigidity  -  General  Specification  for 
Airplane  Strength  and  Rigidity  -  Flight  Loads 
Safety  Engineering  of  Systems  and  Associated  Subsystems,  and 
Equipment,  Houeral  Requirements  for 

General  Requirements  for  Angle  of  Attack  Based  Systems 


USAF 


IIIAD-Handbook  of  Instructions  for  Airplane  Designers 

6.9  Marginal  indicia.  Asterisks  are  not  used  in  this  revision  to  identify 
changes  with  respect  to  the  previous  issue  due  to  the  extensiveness  of  the 
changes . 
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and  Qualitative  Stability  and  Control  Tests.  FTC -TR-65-29, 

December  196?. 

P8.  Williams,  G.H. ,  Major  and  Twinting,  W.  T.  ,  Captain: 

F-4C  Category  II  Stability  and  Control  Tests.  FTC -TR -65-30, 

December  1965. 
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P9.  Hendrickson,  C.L.  and  Smith,  R.W.:  NF-104A  Aerospace  Trainer 
Evaluation.  FTC-TR-65-37,  December  1965 

P10.  Martin,  K.  L. ,  Henshaw,  C.J.,  Captain  and  Cross,  C.S.,  Major: 

Air  Force  Evaluation  of  the  Jet  Commander  Model  1121.  FTC-TR-65- 
28,  September  1965. 

Pll.  Broom,  P.  W.  ,  Henshaw,  C.J.,  and  Cross,  C.S.:  Air  Force 
Evaluation  of  the  Lear  Jet  Model  23  Aircraft.  FTC -TR-65-21 , 

August  1965. 

P12.  McKinzie,  G.A.  and  Macleay,  L. :  F-5N  Limited  Flight  Evaluation 
FTC -TR-65-22,  August  1965. 

P13.  Abrams,  R.  and  Bock,  Jr.,  C.C.:  B-58A  Multiple  Weapons 
Configuration  Category  II  Performance  and  Stability  Tests. 

FTC -TR-65-10,  July  1965. 

PI 4.  Klung,  H.A.  and  Parsons,  R.K. :  F-5B  Category  II  Stability  and 
Control  Tests.  FTC-TR-65-8,  July  1965. 

PI 5.  Mitchell,  J.F.  and  Parsons,  R.K. :  F-5A  Category  II  Stability 
and  Control  Tests.  FTC-TR-65-6,  June  1965. 

P16.  Bailey,  H.G.  and  Gordon,  H.  C.:  F-5  A/B  Systems  Evaluation 
FTC-TR-65-3,  June  1965. 

P17.  Reschak,  R.L.  ,  Lt.  USAF  and  Roger,  R.L. ,  Major  USAF: 

YAT-28E  Limited  Category  II  Performance  Stability  and  Control 
Tests.  FTC -TR-64-39,  January  1965. 

P18.  Kline,  R.  E.  ,  Capt.  USAF  and  Twinting,  W.  T.  ,  Capt.  USAF: 

F-105F  Limited  Category  II  Performance  and  Stability  Tests. 
FTC-TR-64-33,  January  1965. 
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Yancey,  M.  H.  and  Cross,  C.S.,  Major  USAF:  C-135B  Limited 
Category  II  Stability  and  Control  Tests.  FTC-TR-64-6,  July  1964, 

P20.  Martin,  K.  L.  and  Loewe,  W.  R.,  Capt.  USAF:  Limited  C  - 1 30E 

Category  II  Stability  and  Control  Tests.  FTC -TR-64-2,  June  1964. 

P21.  Adolph,  C.E.,  Lt.  USAF,  et.  al:  B-52H  Category  II  Performance 
and  Stability  Tests.  FTC -TR -63 - 1 6,  November  1963. 

P22.  Myers,  R.H.  ,  Jr.  Capt.  USAF,  and  Cross,  C.S.,  Major  USAF 

C-140  Jet  Star  Flight  Evaluation.  FTC -TR -62 -24,  February  1963. 

P23.  Campbell,  J.K.  ,  Major  USAF:  Pilot's  Evaluation  of  the  Dornier  DO-28. 
FTC  -TR -62  -3 1 ,  October  1962. 

P24.  Gobert,  D.  and  Evans,  N.  ,  Major  USAF:  F-105P  Category  II 

Performance  and  Stability  Tests.  FTC -TR -61 -47 ,  March  1962. 


P25.  Lusby,  W.  Capt.  USAF  and  Hanks,  N.  Capt.  USAF:  T-38A  Category 
II  Stability  and  Control  Tests.  FTC -TDR-61 -1  5,  August  1961. 

P26.  C-54G  Limited  Flight  Test  Evaluation,  April  1962. 

P27.  Johnson,  R.  ,  Lt.  USAF  and  Mosley,  R.,  Capt.  USAF:  JC -1 3 IB 
Limited  Flight  Test  Evaluation.  FTC  -  TR -60-75,  January  1961. 

P28.  McNamar  L.  and  Rushworth,  R.  ,  Capt.  USAF:  F-106A  Category  II 
Performance,  Stability  and  Control  Tests.  FTC-TR-60-14, 
November  I960. 

P29.  Johns,  S.  ,  Capt.  USAF  and  Campbell,  J.  Capt.  USAF:  YAC -IDH 
Category  II  Performance  and  Stability  Tests.  FTC -TDR -60-41 , 
November  I960. 
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Miller,  R.,  Major  USAF:  Noratlaa  FTC -TR-60-56,  October  I960. 


P31.  Calderon,  J.  and  Campbell,  J.,  Capt.  USAF:  L-28A  Air  Force 
Flight  Evaluation.  FTC -TR -59-38,  January  I960. 

P32.  Schweikhard,  W.  and  Rushworth,  R.  ,  Capt.  USAF:  F-104B  Category 
II  Performance  and  Stability  Evaluation.  FTC -TR-59-32, 

Decembex  1959. 

P33.  Johnson,  C.,  I.t.  USAF  and  Cole,  F.  ,  Capt.  USAF:  McDonnell 
Model  I19A  Air  Force  Flight  Evaluation.  FTC -TDR -59-25, 
September  1959. 

P34.  Schofield,  B.  L.  and  Bock,  C.,  Capt.  USAF:  Category  II  Stability 

and  Control  Evaluation  of  the  UB-58A  S/N  55-665.  FTC -TDR -59- 1 8, 
July  1959. 

P35.  Leisy,  D.  ,  Lt.  USAF  and  Hunderwadel,  H. ,  Capt.  USAF:  F -100D 
Performance  and  Stability  and  Control.  FTC-TDR-58-27, 

September  1958. 

P3  6.  Schweikhard,  W.  and  Slayton,  D.  Capt.  USAF:  TF-102A  Phase  IV 
Performance  and  Stability.  FTC -TDR-58 - 1 1 ,  May  1958. 

P37.  Schweikhard,  W.  and  Slayton,  D.  Capt.  USAF:  TF-102A  Phase  IV 
Performance  and  Stability.  FTC -TDR -58 -1 6,  May  1958. 

P38.  Simmons,  C.D.  and  Sorlie,  D.  ,  Capt.  USAF:  F-I01B  Phase  II 

Stability  and  Control  Flight  Evaluation.  FTC -TDR-58-1 1,  May  1958. 

P39.  Davidson,  J.  and  Hodgson,  W.  ,  Capt.  USAF:  L-27A  Phase  IV 
Performance.  FTC -TDR-58-8,  April  1958. 
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P40.  Lusby,  W.  ,  Lt.  USAF  and  Cole,  F.  ,  Capt.  USAF:  L-32D  Phase  IV 
Performance  Tests.  FTC -TDR-57-35,  January  1958. 

P41.  Archer,  D.,  Lt.  USAF  and  Benefield,  T.  ,  Capt.  USAF:  C  -133A 

Phase  IV  Stability  and  Control  Tests.  FTC -TDR-57-34,  January  1958. 

P42.  Simmons,  C.  and  Ballentine,  W.  ,  Maj.  USAF:  Phase  IV  Performance, 
Stability  and  Control  Tests  of  C-130A.  FTC -TDR-57-32, 

February  1958. 

P43.  Reed,  J.  ,  Lt.  USAF  and  Carlson,  J.  ,  Capt.  USAF:  RB-66B  Phase  IV 
Limited  Performance  and  Stability  Tests.  FTC -TDR-57  -  ‘  9, 

September  1957.  CONFIDENTIAL. 

P44.  Davidson,  J.  and  Ferry,  R.  ,  Capt.  USAF.:  TL-19D  Phase  IV 
Performance  Tests,  FTC-TDR-57-14,  July  1957. 

P45.  Neyhart,  C.  Capt.  USAF  and  Seigler,  J.  Maj.  USAF:  YC -134  Safety 
of  Flight  Evaluation.  FTC -TDR-57 -10,  1957. 

P46.  Seigler,  J.  P.  ,  Maj.  USAF  and  Jackson,  R.C.:  C-123B  Performance 
Tests.  FTC -  TDR -  55-1 2,  May  1955. 

P47.  Smith,  D.R.:  YDB-47E  Phase  II  and  IV  Combined  Tests. 
FTC-TR-55-17,  May  1955.  SECRET. 

P48.  Looney,  J.  L.  ,  Lt.  USAF  and  Fulton,  F,  L.  ,  Major  USAF:  Phase  IV 
Flight  TestB  of  the  Stability  and  Control  Tests  of  the  Glenn  L,  Martin 
B-57A  Aircraft.  FTC -TDR -54-20,  September  1954.  CONFIDENTIAL. 

P49.  Dienst,  W.  L.  ,  Capt.  USAF  and  Julian,  A.  A.,  Major  USAF: 

Phase  II  Tests  of  the  North  American  F-86H  Airplane,  USAF  S/N 
52-1975.  FTC  -  TDR -54-4.  February  1954. 
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Dienst,  W.  L.  ,  Capt.  USAF  and  Julian,  A.  A.,  Major  USAF: 

Phase  II  Flight  Tests  of  the  F-86H  (Addendum  I).  FTC -TDR -54 -4. 
May  1954. 

Anon.;  Phase  IV  Flight  Test  of  the  T-28A  Airplane  No.  48-1371. 
FTC -TDR-51  - 1 6,  January  1952. 


Keith,  L.A.,  Rickard,  R.R.  and  Marrett,  G.J.:  F-4C  Category  II 
Follow-on  Stability  and  Control  Tests.  FTC-TR-67-26,  May  1968. 
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MILITARY  SPECIFICATION 

(U)  FLYING  QUALITIES  OF  PILOTED  AIRPLANES 

This  specification  has  boon  approved  by  the  Department 
of  the  Air  Force  and  by  tho  Navy  Bureau  of  Aeronautics. 


1.  SCOPE 

1.1  Scope.-  This  specification  contains  the  requirements  for  the  fly in r 
qualities  of  U.  S.  military  piloted  airplanes. 

1.2  Application.-  The  flying  qualities  for  all  airplanes  proposed  or  contracted  for 
shall  be  in  accordance  with  the  provisions  of  this  specification,  unless  specific  r evic¬ 
tions  are  authorized  by  the  procuring  activity.  Additional  special  requirements  for 
stability  and  control  may  bo  specified  by  tho  procurinrr  activity. 

1.3  Classification.-  For  purposes  of  this  specification,  airplanes  shall  be 
divided  into  the  following  classes! 

Class  I  -  Primary  trainer,  observation,  and  other  light 
airplanes  specifically  designated  by  the  pro¬ 
curing  activity. 

Class  II  -  Horizontal  bomber,  cargo,  transport,  glider, 

patrol,  antisubmarine,  early  warning,  minelayer, 
heavy  attack,  and  trainers  for  class  II  airplanes. 

Class  III  -  Fighter,  Interceptor,  general  purpose  attack, 
and  trainers  for  class  III  airplanes. 

An  airplane  not  listed  specifically  among  these  class  designations  shall  be  considered  to 
be  in  that  class  which  includes  airplanes  of  the  most  similar  type,  When  reculinriti.  ; 
of  intended  mission  or  configuration  so  dictate,  an  airplane  of  one  cla-.s  -.ay  oc  requires 
by  the  procuring  activity  to  meet  selected  requirements  ordinarily  specified  for  airplanes 
of  another  class. 

v  1.3.1  Land-  or  carrier-based  designation.-  The  letter  -L  following  a  class 

designation  identifies  an  airplane  as  land-based;  carrier-based  airplanes  are  similarly 
'  identified  by  the  letter  -C.  When  no  such  differentiation  is  made  in  a  requirement,  tho 
requirement  shall  apply  to  both  land-based  and  carrier-based  airplanes. 


"1 
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2.  APPLICABLE  DOCUMENTS 

2.1  Not  applicable  to  this  specification. 


3.  REQUIREMENTS 

3.1  Oeneral 

3.1.1  Airplane  loadings.-  Unless  otherwise  stated,  the  airplane  weight  for  a 
specified  eg  (center  of  gravity)  position  shall  be  that  corresponding  to  the  normal  service 
loading  in  which  the  specified  eg  is  obtained.  Similarly,  normal  service  loading  con¬ 
ditions  shall  govern  the  location  of<  'he  eg  for  a  specified  weight.  When  not  specified, 
loadings  shall  be  optional. 

3.1.2  Altitudes.-  Unless  otherwise  stated,  the  requirements  shall  apply  at  all 
altitudes  at  which  the  airplane  might  be  operated  in  each  of  the  specified  configurations. 
In  goneral,  compliance  with  this  stipulation  may  be  determined  by  investigation  of  three 
significant  altitudes  consistent  with  the  airplane  mission  requirements.  Unless  other¬ 
wise  established  between  the  procuring  activity  and  the  contractor,  these  altitudes  shall 
be  defined  as  follows t 

(a)  Low  altitude!  For  design  purposes,  low  altitude  shall  be 
sea  level. 

(b)  Nigh  altitude!  An  altitude  not  lower  than  flO  percent  of 
the  service  ceiling. 

(c)  Medium  altitude!  Approximately  $0  percent  of  high  altitude, 
or  LO, 000  feet,  whichever  is  lower.  (Medium  altitude  need 
be  investigated  only  when  the  service  ceiling  is  1*0,000 
feet  or  higher.) 

Tne  high  and  medium  altitude  conditions  may  be  excluded  in  consideration  of  configurations 
L,  PA,  WO,  and  TO. 

3.1.3  Operational  flight  envelopes.-  For  the  three  altitudes  defined  in  paragraph 
3.1.2,  and  for  combat  ceiling,  Mach-nuraber  -  normal-acceleration  envelopes  for  several 
significant  airplane  loading  conditions  shall  be  specified  in  the  contract  or  otherwise 
established  by  agreement  betwoen  the  procuring  activity  and  the  contractor.  Both  positive 
and  negative  normal  accelerations  are  to  be  included.  These  envelopes  shall  serve  to 
define  the  boundaries  within  which  the  airplane  is  expected  to  be  operational  and  within 
which  the  requirements  of  this  specification  therefore  apply.  Within  these  boundaries, 

•Jiere  shall  be  no  objectionable  buffet,  trim  or  stability  changes,  or  other  irregularities 
which  might  detract  from  the  effectiveness  of  the  airplane  in  executing  its  intended 
mission.  The  operational  flight  envelopes  shall  show  cutoff  points  representing  the 
highest,  Mach  numbers  at  which  the  airplane  13  to  be  considered  operational.  These  maxi- 
nums  shall  be  baaed  on  considerations  of  pullout  recovery  (reaching  level  night  at  2,000 
foot  above  sea  level),  as  well  as  attainable  speeds.  In  the  requirements  of  this  speci¬ 
fication,  a  curve  of  such  cutoff  speeds  plotted  against  altitude  is  referred  to  as  the 
mrodmum  operational  speed  envelope.  If  necessary  for  adequate  definition  of  this 
envelope,  maximum  speed  points  for  various  intermediate  altitudes  shall  be  included. 

3. 1.3.1  The  operational  flight  envelopes  for  an  airplane  intended  solely  far 

missions  at  supersonic  speeds  need  not  include  the  transonic  speed  range,  provided  that 
satisfactory  transition  through  the  transonic  speed  range  is  assured. 
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3*l«li  Maximum  permissible  speed  envelope.-  A  Vq  (or  Mp)  altitude  envelope  shall 
be  established  in  addition  to  the  envelopes  specified  in  paragraph  3.1.3.  This  maximum 
permissible  speed  envelope  shall  bo  derived  from  consideration  of  dives  entered  at  Vtf. 
Unless  limited  by  structural  considerations,  this  envelops  shall  define,  at  each  altitude, 
the  maximum  speed  from  which  a  recovery  can  be.  made  which  will  result  in  level  flight  at  I 
an  altitude  of  not  les3  than  2,000  feet  above  sea  level  without  encountering  intolerable 
buffet,  loss  of  control,  uncontrollable  trim  changes,  or  other  dangerous  airplane 
behavior  during  the  entire  dive  or  pullout.  In  establishing  this  maximum  permissible 
speed,  the  pullout  shall  be  governed  by  the  requirements  of  paragraph  3.3.16.1. 

3.1.U.1  The  development  of  any  dangerous  flight  conditions  associated  with  tr.e 
dive  or  pullout  described  in  paragraph  3-1. h  shall  be  sufficiently  gradual,  in  order  that 
the  pilot  is  amply  warned. 

3.1.5  External  stores.-  In  preparation  of  the  flight  envelopes  discussed  in  para¬ 
graph  3.1.3  and  i.l.ii,  external  stores  which  are  not  normally  droppable  in  flight,  or 
which  are  intended  to  be  carried  during  the,  primary  mission,  shall  be  considered  as 
integral  elements  of  the  airplane  configuration.  When  such  stores  contain  expendable 
loads,  the  requirements  shall,  unless  otherwise  stated,  apply  throughout  the  range  of 
store  loadings.  For  other  significant  store  installations,  revisions  to  the  flight 
envelopes  and  deviations  from  the  flying  qualities  requirements  shall  be  established  by 
agreement  between  the  procuring  activity  and  the  contractor  in  accordance  with  the 
mission  requirements  of  the  airplane  with  such  stores  installed.  In  establishing  these 
agreements,  consideration  of  reasonable  single  malfunctions,  such  as  failure  of  release 
mechanism  or  failure  of  fuel  feed,  as  well  as  normal  initial  asymmetric  store  installa¬ 
tions,  shall  be  included. 

3.1.6  Effects  of  armament  provisions.-  Operation  of  bomb  bay  doors,  armament  pods 
or  other  movable  protuberances,  or  firing  of  weapons,  shall  not  cause  objectionable  buffet, 
trim  changes,  or  other  characteristics  which  impair  the  tactical  effectiveness  of  the  air¬ 
plane  under  any  flight  condition  in  which  operation  of  such  devices  may  be  required  in  the 
conduct  of  the  airplane  mission. 

3.1.7  Release  of  stores.-  The  release  of  any  stores  intended  to  be  released 
during  normal  operation  of  the 'airplane  shall  not  result  in  dangerous  or  seriously 
objectionable  flight  conditions. 

3.1.8  Deceleration  devices.-  Unless  specifically  exempted  by  the  procuring 
activity,  all  class  II  and  class  III  airplanes  shall  be  capable  of  deceleration,  dive- 
speed  limitation,  and  constant-speed,  glide-path  control,  to  any  degree  desired  by  the 
pilot,  within  limits  which  shall  be  stated  in  the  contract  or  otherwise  agreed  to  by  the 
procuring  activity.  These  capabilities  need  not  be  provided  by  auxiliary  devices,  ouch 
as  speed  brakes,  if  other  design  features-  or  provisions  can  be  utilized  to  produce  the 
desired  characteristics.  The  term  "deceleration  device,"  as  employed  in  this  specification, 
shall  apply  to  whatever  brake,  flap,  or  other  feature  is  used  to  provide  the  desired  incre¬ 
mental  drag  effect. 

3.1.9  Configurations.-  For  purposes  of  this  specification,  tho  basic  airplane 
configurations  shall  be  as  described  herein.  Items  of  configuration  not  specified,  suer, 
as  cockpit  enclosure,  cowl  flaps,  oil  cooler  flaps,  gun  turrets,  blast  tube  covers,  or 
bomb  bay  doors  shall  be  in  their  normal  settings  for  the  particular  configuration. 

Configuration  CRi  Cruioei  Power  for  level  flight,  at  trim  .pood 

(See  table  II),  flaps  in  cruise  position,  gear  up. 

Configuration  Di  Divoi  25-Percent  normal  rated  power  or  minimum 
operable  power,  whichever  is  the  greater,  flips 
and  gear  up  (unless  normally  used  as  speed  brake's), 
speed  brake  ox tended. 
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Configuration  Oi  Glide:  Power  off,  unless  otherwise  specified;  gear 
ana  flaps  up. 

Configuration  L:  Landing:  Po::<  r  off,  gear  down,  flaps  or  other  high 
lift  device  at  landing  setting. . 

Configuration  P:  Power  on,  clean:  Normal  rated  power,  flaps  and  gear 
up. 

Configuration  CO:  Combat:  A  Rented  power,  airplane  in  combat  con- 
'V  ,,  figuration. 

Configuration  PA:  Power  approach:  Gear  down,  flaps,  other  hig1'  lift 

device,  canopy,  and  approach  brake  in  normal  approach 
position;  power  for  level  flight  at  l.lJVg.  or  normal 
approach  speed,  whichever  is  lower. 

Configuration  WO:  Wave  off:  Gear  down,  flaps  or  other  high  lift  device 
in  landing  position,  takeoff  power. 

Configuration  10:  Takeoff:  Gear  down,  flaps  or  other  high  lift  device 
at  takeoff  setting,  takeoff  power,  including  assist 
or  augmentation  used  in  normal  takeoff. 

3.1.10  Effects  of  asymmetry.  -  There  shall  be  no  dangerous  or  seriously 
objectional  flight  characteristics  resulting  from  asymmetric  flight  conditions  which 
may  be  encountered  in  normal  operations  (e.g.,  unequal  flop  or  speed  brake  operation, 
manufacturing  tolerances, tail-pipe  eyelids,  etc.)" 

3.2  Mechanical  characteristics  of  control  systems. - 

3.2.1  Control  friction  and  breakout  force.-  Longitudinal,  lateral,  and  directional 
controls  snail  exhibit  positive  centering  in  flight  at  any  normal  trim  setting.  Although 
absolute  centering  is  not  required,  the  decree  of  centering  shall  be  such  that  the 
contined  effects  of  centering,  breakout  force,  stability,  and  force  gradient  do  not 
produce  ocjectionable  flight  characteristics,  or  permit  large  departures  from  trim  con¬ 
ditions  with  controls  free.  Breakout  forces,  including  friction,  feel,  preload,  etc,  shall 
be  within  the  limits  given  in  table  I.  These  values  refer  to  the  pilot  control  force  required 
to  start  movement  of  the  control  surface,  and  spply  in  flight  at  all  attainable  conditions 
of  trimmed  airspeed,  altitude,  temperature,  and  control  deflection. 


3. 2. 1.1  Measurement  qf  the  breakout  forces  on  the  ground  will  ordinarily  suffice 

in  lieu  of  actual  flight  measurement,  provided  that  qualitative  agreement  between  ground 
measurement  and  flight  observation  can  be  established  to  the  satisfaction  of  the  pro¬ 
curing  activity. 


TABLE  I 

Allowable  breakout  forces  (including  friction),  pounds 


Control 

Classes  I, 

II-C.  and  III 

Class  II-L  ! 

min 

max 

max 

min 

Elevator  ,Sntic* 

1/2 

3 

1/2 

5 

Wheel 

1/2 

U 

1/2 

7 

Aileron  ,S*ic* 

1/2 

2 

1/2 

U 

Wheel 

1/2 - 

3 

1/2 

6 

Rudder 

1 

7 

1 

lit 
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3. 2. 1.2  For  emergency  manual  operation  upon  failure  of  a  power-operated  or  power- 
boosted  control  system,  the  allowable  breakout  forces  specified  in  table  I  may  be  doubled. 

3.2.2  Adjustable  controls.-  When  a  cockpit  control  is  adjustable  for  pilot  physical 
dimensions  or  comfort,  the  control  force  as  defined  in  paragraph  6.2  shall  refer  to  the 
mean  adjustment;  a  force  referred  to  any  other  adjustment  shall  not  differ  by  more  than 

10  percent  from  the  force  referred  to  the  mean  adjustment. 

3.2.3  Rate  of  control  displacement.-  The  ability  of  the  airplane  to  perform  the 
maneuvers  expected  of  it  shall  not  be  limited  by  the  rates  of  control  surface  deflection 
or  auxiliary  control  operation,  nor  shall  the  rates  of  operation  of  either  primary  con¬ 
trols  or  auxiliary  devices  result  in  objectionable  flight  characteristics. 

3.2.U  Cockpit  control  free  play.-  The  free  play  in  each  cockpit  control,  i.e., 
the  motion  of  the  cockpit  control,  from  the  trim  position,  which  does  not  move  the  control 
surface  in  flight,  shall  not  be  excessive. 

3.2.5  Artificial  stability  devices.-  Normal  operation  of  an  artificial  device  for 
improvement  of  any  characteristic  shall  not.  introduce  any  objectionable  flight  or  ground 
handling  characteristics.  Failure  of  such  a  device  shall  not  result  in  a  dangerous  or 
intolerable  flight  condition.  (See  paragraphs  3.h.l.2,  3.5.7  and  6.6  for  additional 
discussion . ) 

3.3  Longitudinal  stability  and  control. - 

3.3.1  Elevator-fixed  static  stability.-  In  the  flight  conditions  and  throughout 
the  speed  ranges  listed  in  columns  1  and  2  of  table  II,  the  elevator-fixed  neutral  points 
shall  be  aft  of  the  eg  position  in  the  aft  critical  loading. 

3. 3. 1.1  At  the  aft  critical  loading,  in  the  flight  conditions  and  throughout  the 
speed  ranges  listed  in  columns  1  and  2  of  table  II,  the  elevator-fixed  static  longi¬ 
tudinal  stability  with  respect  to  angle  of  attack  at  constant  speed  shall  be  positive. 

This  requirement  shall  also  apply  to  configuration  WO  at  1.15  7$^. 

3.3.2  Elevator- free  static  stability.-  In  the  flight  conditions  and  throughout 

the  speed  ranges  listed  in  columns  1  and  2  of  table  II,  the  elevator-free  neutral  points 
shall  be  aft  of  the  eg  position  in  the  aft  critical  loading.  In  general,  this  require¬ 
ment  shall  be  considered  satisfied  if  the  requirement  of  paragraph  3.3. 2.1  is  met.  For 
configurations  PA  and  P  (climb),  this  requirement  may  be  waived,  provided  paragraph 

3. 3. 2.1  is  met. 


3. 3. 2.1  In  the  aft  critical  loading,  with  the  airplane  trimmed  at  the  speeds 
listed  in  column  3  of  table  II,  the  variation  of  elevator  control  force  with  speed  shall 
be  a  smooth  curve,  with  a  gradient  which  is  stable  through  trim  and  remains  stable 
throughout  the  specified  spaed  range.  (In  configurations  PA  and  P  (climb),  a  reversal 
in  slope  may  be  permitted  below  the  trim  speed;  if  a  reversal  does  occur,  however,  the 
force  shall  not  decrease  to  less  than  1  pound  for  classes  I  and  III  airplanes,  or  3 
pounds  for  class  II  airplanes.)  This  requirement  applies  throughout  the  speed  ranges 
listed  in  column  2  of  table  II,  but  need  be  considered  only  at  speeds  within  £15  percent 
(or  ±50  knots,  whichever  is  less)  of  the  trim  speed,  snd  need  not  be  considered  at 
speeds  where  the  control  force  exceeds  50  lb.  As  used  in  this  paragraph,  the  term 
gradient  shall  not  Include  that  portion  of  the  force  versus  speed  curve  within  the 
preloaded  breakout  force  or  friction  range. 
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.TABLE  XX 

Required  condition*  for  longitudinal  etetic  stability 


Configuration 

Speed  rang* 

'•tfrim  speeds'1  1/  For  ele¬ 
vator-free  stability 

CR 

l.b  Vsq  to  Vjjgp 

Speed  for  maximum  range, 

2  additional  trim  speeds 

P 

0.75  to  vH 

Vfjpp,  1  additional  trim 
speed 

P  (climb) 

0.85  Vp/Q  or  1.15  Vgg,  whichever  is 
greater,  to  1.3  Vr/c 

Vc 

CO 

VNRP  t0  VM 

VH,  1  or  more  additional 
trim  speeds 

G 

Vsq  toV„ 

l.U  VgQ,  1  or  more  addi¬ 
tional  trim  speeds 

D 

All  speeds  normally  attained  in 
configuration  D  dives 

1  or  more  representative 
configuration  D  dive 
speeds 

L 

Vc  to  limit  structural  speed  in 
configuration  L 

1.1.  vSl 

PA 

VSl  to  limit  structural  speed  in 
configuration  PA 

*•15  *st 

NOTE:  For  -C  airplanes,  lower  speed 
shall  be  Vg  or  design  maximum 
arresting  speed,  whichever  ia 

lower. 

1/  Additional  "trim  speeds"  shall  be  so  selected  that  the  trim  speeds  effectively 
~  span  the  specified  speed  range. 

3.3.3  Exception  in  transonic  .flight.-  The  requirements  of  paragraphs  3.3.1  and 
3.3.2  may  be  relaxed,  if  necessary,  in  the  transonic-speed  range, provided  that  any 
reversals  in  slope  of  elevator  angle  or  elevator  control  force  with  speed  are  mild  and 
gradual  and  not  seriously  objectionable  to  the  pilot.  However,  on  airplanes  with 
cruising  speeds  or  mission  requirements  necessitating  prolonged  operation  at  transonic 
speeds,  the  requirements  of  paragraph  3-3-2  shall  be  satisfied.  For  this  purpose,  the 
use  of  artificial  means  satisfactory  to  the  procuring  activity  is  permissible.  The 
relaxation  of  paragraph  3.3.1  is  not  intended  to  include  paragraph  3. 3-1.1,  which  shall 
remain  applicable  throughout  the  entire  speed  range.  (It  is  considered  that  a  force  reversal 
greater  than  10  lb  for  class  III  or  15  lb  for  class  II  airplanes,  or  a  gradient  greater  than 
3  lb  per  incremental  M  of  0.01  for  class  III,  or  5  lb  per  incremental  M  of  0.01  for  class  II 
airplanes,  would  be  excessive.) 

3. 3. 3.1  When  the  airplane  is  decelerated  rapidly  through  the  transonic  speed  range 

by  actuation  of  the  deceleration  device  and  reduction  of  power  or  by  maintaining  an 
accelerated  turn  or  pull-up,  the  magnitude  and  rate  of  the  associated  trim  change  shall 
be  not  so  great  as  to  cause  difficulty  in  maintaining  the  desired  normal  acceleration  by 
normal  pilot  techniques. 

3.3.L  Stability  in  accelerated  flight.-  The  slope  of  the  curve  of  elevator 
deflection  versus ^normal  acceleration  (g)  at  constant  speed  shall  be  stable  (increasing 
up  elevator  required  for  increasing  g)  throughout  the  range  of  attainable  load  factors 
in  all  configuration^ and  in  all  conditions  of  flight. 
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3  ,3,5  Short-pc .iort  oscillations.-  The  dynamio  oscillations  of  nomal  Acceleration, 
wnirh  occur  at"  ApproTimately  constant  apeod  and  which  may  b*  produced  by  abruptly 
doflccting  and  returning  the  elevator  oontrol  to  the  trimmed  position,  shall  damp  to 
1/10  amplitude  in  1  cycle,  and  tha  magnitude  of  any  residual  oacillationa  shall  not  exceed 
aO.O'ig  at.  tha  pilot’s  location.  Residual  oscillations  in  angular  attitude  shall  not  bo  of 
objectionable  magnitude  and  shall  not  advaraaly  affect  tha  tactical  utility  of  the  airplane. 
(  For  gunnery  or  bombing  appl icationa ,  pitch  deviations  greater  than  5  mils  are  ordinarily 
considered  excessive.)  Any  longitudinal  oacillationa  with  periods  less  than  b  seconds  shall 
be  governed  by  this  requirement.  For  unarmed  airplanes,  or  for  primary  damper  inoperative 
conditions  on  airplanes  which  employ  artificial  damping,  the  degree  of  damping  may  be  relaxed 
for  altitudes  above  .10,000  feat.  Aa  a  minimum,  however,  tha  oscillations  at  combat  ceiling 
shall  damp  to  1/0  amplitude  in  1  cycle. 

;.3.5.1  When  the  elevator  is  abruptly  deflected  and  released,  the  motion  of  tha 
elevator  following  the  release  shall  ba  essentially  deadbeat,  unless  the  elevator 
oscillations  are  of  such  frequency  and  amplitude  that  they  do  not  result  In  an  objec¬ 
tionable  oscillation  in  normal  acceleration, 

3, 3. 5. 2  There  shall  ba  no  tendency  for  a  sustained  or  uncontrollable  oscillation 

resulting,  from  efforts  of  the  pilot  to  maintain  steady  flight, 

3.3,50  Tha  requirements  of  paragraphs  30.$,  30.5.1,  and  30.5.2  shall  apply  at 
all  permissible  airspeeds  and  loadings,  both  in  straight  flight  and  in  turns. 

30.6  Long-purlod  oscillations.-  Although  there  is  no  specific  requirement  for 
damping  of  tho  conventional  long-period,  or  phugoid  oscillation  which  occurs  at  approxi¬ 
mately  constant  angle  of  attack,  thore  shall  ba  no  objoctionable  flight  characteristics 
attributable  to  apparent  poor  phugoid  damping.  In  addition,  if  tho  period  of  a  longi¬ 
tudinal  vacillation  is  less  than  15  seconds,  the  oscillation  shall  be  at  least  neutrally 
stable. 

3,3.7  Control  effectiveness  in  unaccelerated  flight.-  In  erect  unacccleratcd 
flight  at  any  altitude,  the  attainment  of  any  permissiW.e speed  above  the  stalling  speed 
Vs,  as  defined  in  paragraph  3-6.2,  shall  not  be  limited  by  the  effectiveness  of  the 
longitudinal  control,  or  controls.  This  requirement  shall  apply  to  all  airplane  con- 
1  figurations  and  pefmissible  loading. 

3.3.6  Control  effectiveness  In  accelerated  flight.-  In  the  forward  critical 
loading,  when  trimmed  at  any  permissible  speed  and  altitude  in  the  configurations  listed 
in  table  II,  it  shall  be  possible  to  develop  at  the  trim  speed,  by  the  use  of  the 
elevator  control  alone,  the  limit  load  factor,  the  lift  coefficient  corresponding  to  Vg 
as  defined  in  paragraph  3-6.2  or  3«6. 2. 2,  or  a  load  factor  consistent  with  the 
operational  flight  envelope  specified  in  paragraph  3.1.3. 

3.3.9  Control  forces  in  steady  accelerated  flight.-  In  steady  turning  flight 
and  in  pullouts,  increases  in  pull  force  shall  be  required  to  produce  increases  in 
positive  normal  acceleration  throughout  the  range  attainable  accelerations.  Tho 
variation  of  force  with  normal  acceleration  at  all  points  beyond  the  breakout  force 
shall  be  approximately  linear,  except  that  an  increase  in  slope  upward  (such  as  might 
be  introduced  by  an  acceleration  restrictor)  is  permissible  above  0.85nj4.  In  general,  a 
departure  from  linearity  resulting  in  a  local  gradient  which  differs  frem  the  average 
gradient  by  more  than  50  percent  is  considered  excessive.  The  average  force  gradient 
shall  bo  within  the  limits  specified  in  table  III  in  configurations  P,  CO,  D,  and  PA 
\  throughout  the  operational  flight  envelope  up  to  0.85n^. 

3. 3. 9.1  In  all  configurations  at  ail  p  aissible  speeds  and  accelerations,  the 
local  value  of  the  force  gradient  shall  never  be  less  than  3  pounds  per  g. 
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TABLE  III 

Elevator  control  force  gradient  limits,  lb  per  g 


- Class 

Maximum 

Minimum 

i,  in 

.  §6 

21 

"L  '  1 

\  "  5 

n 

120 

US 

"L  '  1 

nL’1 

3. 3. 9. 2  For  configurations  P,  CO,  and  D  in  airplanes  intended  primarily  for  high 
altitude  missions,  the  maximum  allowable  force  gradients  specified  in  table  III  need  not 
apply  below  the  medium  altitude.  The  maximum  force  gradients  at  the  low  altitude,  however, 
shall  be  not  more  than  50  percent  greater  than  the  maximum  values  specified  in  table  III. 

3, 3. 9. 3  Under  conditions  in  which  maximum  attainable  normal  acceleration  is  less 

than  nj,  (e.g.,  limited  by  stall  or  control  effectiveness),  an  increase  in  the  maximum 
force  gradient,  up  to  a  value  no  higher 'than  50  peroent  greater  than  that  specified  in  „  „ 

table  III,  may  be  permitted. 

3.3.9.U  For  configurations  P,  CO,  and  D  on  class  III  airplanes  with  eg  positions 
in  combat  loadings  which  are  aft  of  the  eg  positions  in  other  normal  service  loadings, 
the  maximum  allowable  force  gradients  specified  in  table  III  shall  not  apply  at  eg  positions 
forward  of  the  most  forward  combat  position.  The  maximum  forces  gradients  in  any  normal 
service  loading,  however,  shall  be  not  more  than  50  percent  greater  than  the  values  specified 
in  table  III.  < ► 

3. 3. 9. 5  The  requirements  of  paragraph  3-3.9  apply  to  negative  as  well  as  positive 

accelerations,  except  that  the  maximum  force  gradients  specified  in  table  III  may  be 
exceeded  in  the  negative  acceleration  range.  This  increase,  however,  shall  not  exceed 
>0  percent  of  the  value  specified  in  table  III.  "  k 

3.3,10  Control  forces  in  sudden  pull-ups.-  In  sudden  pull-ups  from  trimmed 
straight  flight,  in  which  the  elevator  cockpit  control  is  rapidly  deflected  and  returned 
to  its  initial  position,  the  ratio  of  the  maximum  elevator  control  force  to  maximum 
(peak)  change  in  normal  acceleration  shall  never  be  less  than  the  ratio  of  force  to 
acceleration  change  obtained  in  steady  accelerations  under  the  same  conditions.  In 
investigating  the  sudden  pull-up,  several  rates  of  cockpit  control  motion  shall  be  con¬ 
sidered,  tho  elapsed  time  from  start  to  return  varying,  for  example,  from  1/2  second  to 
6  seconds. 

3.3-H  Control  effectiveness  in  takeoff.-  Elevator  effectiveness  shall  not 
unduly  restrict  the  takeoff1  performance  of  the  airplane.  As  a  minimum,  elevator 
effectiveness  shall  be  adequate  to  permit  compliance  with  takeoff  performance  guarantees; 
if  the  takeoff  performance  is  not  specifically  guaranteed  in  the  airplane  contract,  it 
snail  be  possible,  on  a  hard-surface  runway  at  a  minimum  speed  no  greater  than  Vc^q,  to 
obtain  takeoff  attitude  on  nose-wheel  airplanes  or  to  maintain  any  attitude  up 
to  thrust  line  level  on  tail-wheel  airplanes.  (For  propeller-powered  airplanes,  Vs 
may  be  estimated,  with  the  concurrence  of  the  procuring  activity,  on  the  basis  of  T0 
stall  speods  determined  with  various  amounts  of  power  up  to  the  highest  feasible.)  These 
requirements  shall  be  met  with  the  airplane  loading  which  produces  the  most  critical  -  * 
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nose-heavy  moment  on  nose-^wneel  types  and  the  most  criticJu.  wai-heavy  moment  on  tail- 
wheel  types.  The  loadings  considered  for  this  purpose  shall  include  all  full  and 
partial  loads  which  might  normally  be  employed  during  training,  as  well  as  operational 
takeoffs.  For  class  I  tail-wheal. airplanes,  the  required  minimum  speed- for  maintaining 
attitudes  up  to  thrust  line  level  shell  be  0.5  V*  and  shall  be  applicable  on  sod  es 
well  as  hard-surface  runways. 

3.3.12  Control  in  catapult,  takeoff On  airplanes  designed  for  catapult  takeoff, 
longitudinal  control  shall  be  sufficient  to  prevent  pitch  up  or  pitch  down  to  undesirable 
attitudes  in  catapult  launchings  at  speeds  ranging  from  the  minimum  safe  launching  speed 
to  a  speed  25  knots  higher  than  the  minimum.  Satisfactory  catapult  takeoff  shall  not  be 
dependent  upon  predetermined  control  programing  or  unusual  control  manipulation  by  the 
pilot. 


3.3.13  Control  forces  in  takeoff.-  With  trim  optional  but  constant,  the  elevator 
control  forces  required  throughout  the  takeoffs  described  in  paragraphs  3.3.11  and 
3.3.12,  and  during  the  ensuing  acceleration  to  a  speed  of  1.3  Vs  (flaps,  gear,  and 
power  held  constant)  shall  be  within  the  following  limits:  ™ 


Nose-wheel  and  bicycle-gear  airplanes 


Classes  1,  III-C 
Classes  1II-L, Il-C 
Class  II-L 

Tail-wheel  airplanes 

Classes  I,  II-C,  and  III 
Class  II-L 


-  20-lb  pull  to  10-lb  push. 

-  30-lb  pull  to  10-lb  push. 

-  50-lb  pull  to  20-lb  push. 


-  20-lb  push  to  10-lb  pull. 

-  35-lb  push  to  15-lb  pull. 


These  requirements  shall  apply  also  in  rocket-assisted  or  other  power-augmented  takeoffs, 
and  shall  include  consideration  of  assist  cessation. 


3.3.1k  Control  effectiveness  in  landing.-  At  the  forward  critical  loading,  with 
the  airplane  trimmed  for  1.2  V$L  in  configuration  PA,  longitudinal  control  shall  be 
sufficiently  effective,  in  order  that  in  configuration  L,  VgL  or  the  guaranteed  landing 
speed,  if  such  a  guaranty  is  included  in  the  contract,  can  be  obtained  in  close  proximity 
to  the  ground. 


3.3.15  Control  force  in  landing.-  It  shall  be  possible  to  meet  the  requirement-  of 
paragraph  3-3.1U  with  an  elevator  pull  force  not  exceeding  35  lb  for  classes  I,  II-C,  and 
III  airplanes,  or  50  lb  for  class  II-L  airplanes. 

3.3.16  Control  forces  in  dives.-  With  the  airplane  trimmed  for  level  flight  at 
Vg,  the  elevator  control  forces  required  in  dives  to  any  attainable  speed  within  the 
operational  flight  envelope  shall  not  exceed  50-lb  push  or  10  lb  pull  in  class  III  airplanes, 
or  75  lb  push  or  15  lb  pull  in  class  II  airplanes.  In  similar  dives,  but  with  trim  optional 
following  the  dive  entry,  it  shall  be  possible  with  normal  piloting  technique  to  maintain  the 
forces  within  the  limits  of  10-lb  push  or  pull  in  class  III  airplanes,  or  20-lb  push  or  pull 
in  class  II  airplanes.  The  forces  required  for  recovery  from  these  dives  shall  be  in 
accordance  with  paragraph  3.3.9. 

3.3.16.1  With  the  airplane  trimmed  initially  in  level  flight  at  V^,  but  with  trim 
optional  in  the  dive,  it  shall  be  possible  to  maintain  the  elevator  control  forces  within 
the  limits  of  50-lb  push  or  35-lb  pull  in  dives  to  any  attainable  speed  within  the 
maximum  permissible  speed  envelope.  The  forces  required  for  recovery  from  these  dive; 

(see  paragraph  3«l.k)  shall  not  exceed  120  lb.  Trim,  deceleration  devices,  etc,  nay  Le 
used  to  assist  in  recovery  provided  that  no  unusual  pilot  technique  is  required. 

3.3.17  Auxiliary  dive  recovery  device.-  Operation  of  an  auxiliary  device  for 
dive  recovery  at  any  speed  shall  always  produce  a  oositive  increment  of  normal  accele¬ 
ration,  but  the  total  normal  load  factor  shall-  never  be  greater  than  O.Sdl,  controls 
free,  at  the  most  aft  critical  loading. 
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3. 3. 18  Effects  of  drag  devices.-  fyebation  of  the  speed  brakes  or  other  drag 
devices  provided  for  deceleration,  dive-speed  limitation,  glide-path  control,  etc,  shall 
not  produce  objectionable  buffet  or  othe'r  undesirable  flight  characteristics.  This 
requirement  shall  apply  to  partial  as  well  as  full  operation.  Drag  devices  intended  for 
employment  in  the  landing  approach  shall  not  produce  an  objectionable  nose-down  trim 
change  when  operated  during  the  approach.  Additional  requirements  for  trim  change  caused 
y  drag  devices  are  included  in  paragraph  3.3.19. 

3.3.19  Longitudinal  trim  changes.-  The  longitudinal  trim  changes  caused  by 
changes  in  power,  flap  setting,  gear  operation,  deceleration  devices,  etc,  shall  not  be 
so  large  that  peak  longitudinal  control  forces  in  excess  of  10  lb  for  classes  Z  and  III, 
or  20  lb  for  class  II,  are  required  when  such  configuration  changes  are  made  in  flight 
under  conditions  representative  of  operational  procedure.  Generally,  the  conditions 
listed  in  table  IV  will  suffice  for  determination  of  compliance  with  this  requirement. 
With  the  airplane  t rimed  for  each  specified  initial  condition,  the  peak  force  required 
to  maintain  the  specified  constant  parameter  following  the  specified  configuration  change 
shall  not  exceed  10-lb  push  or  pull  for  classes  I  and  III  airplanes,  or  20-lb  push  or 
pull  for  class  II  airplanes.  This  requirement  shall  apply  to  a  time  interval  of  at 
least  5  seconds  following  the  completion  of  the  pilot  action  initiating  the  configuration 
change.  The  magnitude  and  rate  of  trim  change  subsequent,  to  this  time  period  shall  be 
such  that  the  forces  are  easily  trimmable  by  use  of  the  normal  trimming  devices. 

TABLE  IV 


Longitudinal  trim  change  conditions 


Condi¬ 

tion 

No. 

Altitude 

Initial  Trim  Condition 

Configu¬ 

ration 

change 

Parameter 
to  be  held 
constant 

Speed 

Gear 

KB? 

Power 

n 

Low 

1.UVSq 

Up 

Up 

PLF 

Gear  down 

Altitude 

2 

Low 

IUVso 

Down 

Up 

PLF 

Flaps  down 

Altitude 

3 

Low 

l.WSL 

Down 

Down 

PLF 

Idle  Power 

Speed 

H 

Low 

1/ 

1715VSL 

Down 

- 

Down 

PLF 

Takeoff 

power 

Altitude 

5 

Low 

^■•37Sxo 

Down 

Takeoff 

Takeoff 

Gear  up 

Rate  of 
climb 

Low 

^Sto 

Up 

Takeoff 

Takeoff 

Flaps  up 

Rate  of 
climb 

n 

Medium, 

high 

Level 

flight 

Up 

Up 

MRP 

Idle  power 

Altitude 

a 

V 

Medium, 

high 

Level 

flight 

Up 

.  Up 

Actuate 

deceleration 

device 

Point  of 
aim. 

m 

Low, 

medium 

Speed  for 

best 

range 

Up 

Up 

PLF 

Actuate 

deceleration 

device 

Altitude 

10 

Low 

1.15  v,L 

Down 

Down 

PLF 

Extend 
approach 
drag  device 

Speed 

11 

Medium, 

hlirh 

1 1  ■ 

Eu&mHII 

Up 

up 

MRP 

nai 

Altitude 

Footnotes  1 /,  £/,  3/  follow  on  page  11 
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Footnotes  to  table  IVi 

1/  Normal  approach  speed,  if  lower  than  1.15  VgL. 

2/  Class  III  only.  It  is  required  that  the  normal  acceleration  changes,  if 
any,  not  exceed  +0,25g. 

3/  If  power  reduction  is  permitted  in  meeting  the  deceleration  requirements 
established  for  the  mission,  actuation  of  the  deceleration  device  shall 
be  accompanied  by  the  allowable  power  reduction. 


3.3.20  Longitudinal  trim  change  caused  by  sideslip.-  With  the  airplane  tri-r.c-<!  for 
straight  flight  in  each  of  the  "configurations  and  at  the  trim  speeds  specified  in  table 
II,  the  longitudinal  control  force  required  to  maintain  constant  speed  in  sideslips  shall 
not  exceed  numerically  the  lowest  force  which  in  the  same  configuration  would  produce  a 
normal  acceleration  change  of  l.Cg  in  the  accelerated  maneuvers  of  paragraph  3.3.9.  In 
no  event,  however,  shall  the  force  exceed  10-lb  pull  or  3-lb  push  on  classes  I,  III,  and 
II-C  airplanes,  and  15-lb  pull  or  10-lb  push  on  all  others.  The  sideslips  considered 
shall  include  angles  up  to  the  largest  obtainable  with  ?0  lb  of  rudder  pedal  force  applied 
in  either  direction  for  wings-16vel  trimmed  flight.  If  a  variation  of  longitudinal  con¬ 
trol  force  with  sideslip  does  exist,  it  is  preferred  that  increasing  pull  force  accompany 
increasing  sideslip,  and  that  the  magnitude  and  direction  of  the  trim  change  be  similar 
for  right  and  left  sideslips. 


3.1i  Lateral-directional  stability  and  control. - 

3«li.l  Damping  of  the  lateral -directional  oscillations.-  In  the  configurations  and 
over  the  corresponding  speed  ranges  specified  in  table  II,  the  damping  of  the  lateral- 
directional  oscillations,  with  controls  fixed  and  with  controls  free,  when  excited  by  rudder 
pulses  shall  be  such  that  the  damping  parameter  1 /C±  has  a  value  not  less  than  that  required 
by  curve  A  of  figure  1.  Residual  undamped  oscillations  may  be  tolerated  only  if  the  amplitude 
is  sufficiently  small  that  the  motions  are  not  objectionable.  Generally,  the  conditions 
listed  in  table  V  will  suffice  for  determination  of  compliance  with  these  requirements. 

(See  paragraph  6.8  for  additional  discussion.) 

3.U.1.1  For  armed  airplanes  in  the  firing  or  bombing  configuration  and  under  the 
critical  flight  conditions  consistent  with  the  tactical  mission  requirements,  the  damping 
parameter  shall  be  at  least  that  required  by  curve  A  of  figure  1,  or  at  least  1.73, 

whichever  is  higher.  Under  these  conditions,  the  magnitude  of  ar$r  residual  oscillation 
shall  not  be  so  great  as  to  cause  yaw  or  pitch  deviations  which  adversely  affect  bombing 
or  tracking  accuracy.  (For  gunnery  or  oombing  applications,  deviations  greater  than  +5 
mils  are  ordinarily  considered  excessive.)  If  it  can  be  established  to  the  satisfaction 
of  the  procuring  activity  that  the  armament  system  is  such  that  provision  of  the  degree 
of  damping  specified  herein  will  afford  no  significant  improvement  in  tactical  effective¬ 
ness,  this  requirement  shall  be  waived  and  the  requirement  of  paragraph  3.L.1  shall  apply. 

3*I».1.2  If  an  artificial  stabilization  device  is  employed,  the  damping  parameter 
'•  i  with  the  Artificial  device  inoperative,  shall  be  at  least  0.2U  in  all  configura¬ 
tions.  In  configuration  PA  this  parameter  shall,  moreover,  have  a  value  at  least  as  high 
as  that  required  by  curve  B  of  figure  1. 

3*^.2  Spiral  stability.-  Spiral  stability  is  not  required,  but  if  the  spiral 
motion  is  divergent,  the  rate  of  divergence  shall  not  be  so  great  that,  following  a  small 
disturbance  in  bank  with  controls  fixed,  the  bank  angle  is  doubled  in  less  than  20  seconds 

r  ,th‘  p*Tfd  CR  conditions  of  table  V,  or  k  seconds  in  a  tv  of  the  other  flight  conditions 
or  table  II. 
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FIGURE  1.  Lateral-directional  damping  requirement* 
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TABLE  V 


Flight  conditions  for  investigation 
of  lateral-directional  damping 


Configuration 

Altitude 

Speed 

CR 

Medium,  high 

1 

Speed  for  maximum  range 

P 

Low,  medium,  high 

Speed  for  level  flight 

D 

Medium,  high 

(a)  0.9  VH 

(b)  Stabilized  speed  in  50- 
degree  dive  entered  fron 

VH  at  service  ceiling 

CO 

Low,  medium,  high 

VH 

PA 

Low 

1 

L 

Low 

- 

3.L.3  Steady  sideslip  conditions.-  Requirements  for  static  directional  rsiat  Hi*  y , 
dihedral  effect,  and  side  force  variation  are  expressed  in  terms  of  cnaracteristi'-s  in 
steady  sideslips.  Unless  otherwise  stated,  such  requirements  shall  apply  in  straight- 
path  (zero  turn  rate)  sideslips  up 'to  the  sideslip  angles  produced  by  full  rudder  defla¬ 
tion  or  2p 0  lb  of  ru Jder  force  or  full  aileron  deflection,  whichever  is  reached  first.  The 
requirements  shall  be  met  at  the  lightest  normal  service  loading,  in  the  configurations  and 
speed  ranges  specified  in  table  II,  with  the  airplane  trimmed  for  wings-level  straight  flight. 
In  addition,  the  requirements  shall  be  met  on  class  III  and  class  II-C  airplanes  in  config¬ 
uration  WD  at  all  permissible  speeds  above  V5  ,  with  the  airplane  trimmed  for  wings-level 

straight  flight  at  1.15Vst  in  configuration  PA.  On  single-engine,  single-rotation  propeller 

li 


airplanes  in  configuration  WO,  rudder  dexlection  in  the  direction  opposite  to  that  required 
for  wings-level  straight  flight  need  not  be  considered  beyond  the  deflection  for  a  10-  degree 
change  in  sideslip  from  the  wings-level  straight  flight  condition.  Although  the  require¬ 
ments  apply  over  the  entire  specified  speed  range,  investigation  at  the  trim  speeds 
specified  in  table  II,  and  at'l.lSVs^  in  configuration  WO,  will  ordinarily  suffice  for 
determination  of  compliance. 


3.lt.Ii  Static  directional  stability  (rudder  position).-  The  airplane  shall  possess 
rudder-fixed  directional  stability  such  that,  in  the  sideslips  specified  in  paragraph 
right  rudder  pedal  deflection  from  the  wings-level  position  is  required  in  left 
sideslips,  and  left  rudder  pedal  deflection  is  required  in  right  sideslips.  For  angles 
of  sideslip  oetween  ii5  degrees  from  the  wings-level  condition,  the  variation  of  sideslip 
angle  with  rudder  pedal  deflection  shall  be  essentially  linear.  Throughout  the  remainder 
of  the  range  of  required  pedal  deflections,  an  increase  in  pedal  deflection  shall  always 
be  required  for  an  Increase  in  sideslip. 
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3. It. 5  Static  directional  stability  (ruddw  force).-  Th#  airplane  shall  possess 

rudder-free  stability  such  that,  in  the  sideslips  specified  in  paragraph  3.1*  »3»  right 
rudder  fores  is  required  in  left  sideslip  and  left  rudder  force  is  required  in  right 
sideslip.  For  angles  of  sideslip  between  ±15  degrees  from  the  wings-level,  straight- 
flight  condition,  the  variation  of  sideslip  angle  with  rudder  force  shall  be  essentially 
linear.  At  greater  angles  of  sideslip,  a  lightening  of  the  rudder  force  is  acceptable, 
but  the  rudder  force  shall  never  reduce  to  zero  or  overbalance. 

3. I*. 6  Dihedral  effect  ( aileron  position).-  The  airplane  shall  exhibit  positive 
control-fixed  dihedral  effect  as  indicated  by  the  variation  of  aileron  cockpit  control 
deflection  with  sideslip  in  the  sideslips  specified  in  paragraph  3. I*. 3.  Left  aileron 
deflection  shall  be  required  for  left  sideslip,  and  right  aileron  deflection  shall  be 
required  for  right  sideslip, 

3.1*. 6.1  Configuration  WO  may,  if  necessary,  be  excepted  from  the  requirement  of 
paragraph  3.U.6.  The  aileron  cockpit  control  deflections  required  in  the  sideslips  of 
paragraph  3.1*. 3,  however,  shall  never  exceed  one-half  of  full  deflection  in  the  negative- 
dihedral  direction. 

3.1*. 6. 2  The  positive  .effective  dihedral  shall  never  be  so  great  that  more  than  75 
percent  of  full  aileron  cockpit  control  deflection  is  required  in  any  of  the  sideslips 
specified  in  paragraph  3. I*.  11.1,  or  in  the  sideslips  specified  in  paragraph  3.1*. 3  up  to 
the  sideslip  angles  which  might  be  required  in  normal  operation  or  tactical  employment. 


3.1*. 6.3  Throughout  rolls  similar  to  those  required  in  paragraph  3.1*. 16  but 

performed  with  rudder  free,  the  rolling  velocity  shall  always  be  In  the  correct  direction. 

3.1*. 7  Dihedral  effect  (aileron  force).-  The  airplane  shall  exhibit  positive 

control-free  dihedral  effect  as  indicated  by  the  variation  of  aileron  control  force  with 
sideslip  in  the  sideslips  specified  in  paragraph  3.1*. 3.  left  aileron  control  force 
shall  be  required  for  leFt  sideslip,  and  right  aileron  control  force  shall  be  required 
for  right  sideslip.  The  variation  of  aileron  control  force  with  sideslip  angle  shall  be 
essentially  linear.  The  aileron  force  required  in  the  sideslips  specified  in  paragraph 
3.1*. 11.1  shall  not  exceed  10  lb  for  stick-  or  wheal-control  airplanes. 

3.1*. 7.1  Configuration  WO  may,  if  necessary,  be  excepted  from  the  requirements  of 
paragraph  3.1;. 7.  The  aileron  control  forces  required  in  the  sideslips  specified  In  para¬ 
graph  3.1*. 3,  however,  shall  never  exceed  10  lb  in  the  negative-dihedral  direction. 


3>l*.8  Side  force  in  sideslips.-  The  side  force  characteristics  shall  be  such  that 
in  the  sideslips  specified  in  paragraph  3.1*. 3,  an  increase  in  right  bank  angle 
accompanies  an  increase  in  right  sideslip,  and  an  increase  in  left  bank  angle  accompanies 
an  increase  in  left  sideslip. 


3.1*. 9  Adverse  yaw.-  The  angle  of  sideslip  developed  during  a  rudder-pedal-fixed 

abrup roll  out  of  a  trimmed,  level,  steady  l*5-degree  banked  turn  at  l.l*VsrR  in  configu- 
ration  CR,  and  at  l.l*VSpA  in  configuration  PA,  shall  not  exceed  15  degrees.  The  roll 
shall  continue  until  a  bank  angle  of  1*5  degrees  is  reached  in  the  opposite  direction, 
me  aileron  deflection  held  during  the  roll  shall  be  at  least  that  required  for  com¬ 
pliance  w  th  the  lateral  control  requirements  of  paragraph  3.1*. 16.  In  similar  rolls  with 
partial  aileron  deflections,  the  angle  of  sideslip  shall  be  proportional  to  the  aileron 
T^ol  deflection.  If  an  automatic  turn  coordination  device  is  employed,  the 
rudder  pedals  may  be  free  rather  than  fixed  during  the  roll. 
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diticn,  con  b.  «**«.  b,  non„a  pilot  «S“  S»T^!  ‘a^L^ 
compliance  with  this  requirement,  the  following  conditions  shall  be  fulfilled:  ~n 
configuration  P,  with  the  most  critical  engine  inoDerative  fv!+h  j  .  ^  **  . 

?°  1  b<^P°ssibl°  at  all  speeds  above  l.liV^,  with  rudder  free,  *to  maintain 

oteauy  s  .rai^t  flight  oy  sideslipping  and  banking.  Tho  weight  shall  bo  f- •  r.  co— 

l0ading>  &nd  «•*  shal1  bfas  requi^a  fo^  &£&£ 
st*a.»nt  flight  with  symmetric  power.  On  airplanes  with  2  or  more  engines  connect^' / 

1  propalier  system  by  means  oi  a  common  drive  mechanism,  "engine  inoperative"  shall 
coanota  complete  loss  of  +"  +  he  propeller  system.  p  uhaxx 

3-U.ll  Directional  control  (symmetric  coward. -  Pop  »n  a-t 
t>murox  snail  be  sufficiently  efl active  to  maintain  wings-level  straight’fli/t  ^T'-lhe 
configurations  and  speed  ranges  specified  in  table  tt  (h  +  v,  t  t°' 

greater  than  180  lb  when  the  airplane  i3  trimmed  directionally  at  thftH ^  forcas  not 

f;e“.;n  AddlUbMi  ^olro^nt.  S'  dlSSri^oVK  SSs'L^SIiSd 

-n  ?^*sgraph  3*Ii*l5*  For  class  III  and  all  carrier— based  alr*ol&nA«  in  r*n«ci  . 
at  the  lightest  normal  loading,  directional  control  shall  b^^fficiently^fSctitr^ 
maintain  wings-level  straight  flight  at  all  speeds  down  to  Vco.  with  niLlf!!!*  ! 
force  not  exceeding  100  lb  when  trimmed  in  configuration  l.lSg*!  1 

iot^TaSrlhE6®  £££*  ±n  COnfigUrati°n  L  *  l-<  **  ^dde?  c^l^o^f 

conation 

°hJJ^ahinS  fafhTire  1+  f;ie?t  Wlth  n0  correct'ive  action  unless  automatically  provided)  it 
ohal:  be  possible,  at  the  lightest  normal  takeoff  loading  and  vita  i eof /power  on  the 

remaining  engine,  or  engines,  to  achieve  and  maintain  straight  flight,  with  a  bank  angle 

o°  /+rr/r/han  5  degreS’  at/111  speeds  above  1-2VST0-  Automatic  devices  which  normally 
operate  in  the  event  of  power  failure  may  be  used.  With  trim  settings  normally  employed 
n  a  symmetric  power  takeoff,  the  rudder  pedal  force  required  to  maintain  straight  flight 
with  asymmetric  power,  as  defined  above,  shall  not  exceed  180  lb. 

3»U.13  Directional  control  during  takeoff  and  landing.-  Th«  _ * _ .  . 

conjunction  with  other  normal  means  or  control,  shall  be  adequate  to  maintain  straight 
patns  on  the  ground  during  normal  takeoffs  and  landings.  For  class  I 

J®qUo!e2or‘knot?"1wMPiy  ^  air*  90_deeree  cross  ^ds  of  at  lLst  50  percent 

V  L  r  20  Knots,  whichever  is  less.  For  classes  II  and  III  airplanes,  the  requirement 

shall  apply  in  calm  air,  and  in  90-degree  cross  winds  of  at  least  30  percent  Vc.  or  1.0 

SrSrht  nSrer  iLleSSl  F?r  waber-based  airplanes,  the  requirement  shall  ap%  t/ 
traight  paths  on  the  water  in  calm  air  and  in  90-degree  cross  winds  of  at  least  20 

\  °?  f013'  WhiCheV8r  iS  leSS*  Thi3  shai/be ,  mS  liTnS  more 

than  loO-lb  pedal  force. 


3 •  •  13 •  1  Without  the  use  of  wheel  brakes,  classes  II-C  arxi  III-C  -u„11 

be  capable  of  maintaining  a  straight  path  on  the  ground,  at  airspeeds  of  3/knots  and 

'  CitZ%dUrtng,/ke0ffSJa/3andir‘g8  *  9°-d»8«a  cross  wind  of’Sl.m^O^SUv 
I  without  exceeding  a  pedal  force  of  180  lb.  percent,  v 


SL* 
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3«k«13>2  For  airplanes  intended  to  operate  under  cold  weather 'conditions,  the 
requirements  of  paragraph  3.U.13  shall  be  applicable  on  snow-packed  and  ice-covered  run¬ 
ways. 

3.U.U*  Directional  control  to  counteract  adverse  yaw.-  In  the  rolling  maneuvers 
described  ir.  paragraph  3.L.?,  but  with  the  rudder  employed  for  coordination  rather  than 
held  fixed,  directional  control  effectiveness  shall  be  adequate  to  maintain  zero  sideslip, 
with  rudder  forces  not  greater  than  180  lb. 

3.1i.l5  Directional  control  in  dives.-  When  trimmed  directionally  at  the  service 
ceiling  in  configuration  P,  the  rudder  control  shall  be  capable  of  maintaining  zero  side¬ 
slip  throughout  the  dives  and  pullouts  of  paragraph  3.3.16  without  exceeding  50-lb  rudder 
pedal  force  for  classes  I  and  III  airplanes,  or  180  lb  for  class  II  airplanes. 

3.U.16  Lateral  control.-  Lateral  control  shall  be  adequate  for  compliance  with 
the  rolling  performance  specified  in  table  VI.  In  cases  where  the  flight  conditions  coincide, 
the  highest  rolling  requirements  shall  govern.  In  those  requirements  involving  measurement 
of  time,  the  time  shall  be  measured  from  the  instant  of  initiation  of  pilot  control  action. 
Unless  otherwise  established  by  agreement  between  the  contractor  and  the  procuring  activity 
on  the  basis  of  intended  tactical  employment  limitations,  the  altitudes  at  which  the  rolling 
performance  requirements  are  to  be  met  shall  be  as  specified  in  table  VI.  For  those  require¬ 
ments  which  are  specified  in  terms  of  peak  pb/2V,  the  rate  of  roll  need  not  exceed  220  deg/sec. 
In  obtaining  the  required  rolling  performance,  the  rudder  pedals  on  classes  I-L  and  II-L 
airplanes  may  be  held  fixed  in  the  positions  required  for  steady  flight  prior  to  the  roll,  or 
may  be  employed  to  reduce  adverse  sideslip  (  not  to  produce  favorable  sideslip).  On  class 
III  and  all  carrier-based  airplanes,  the  rudder  pedals  shall  remain  fixed  in  the  position 
required  for  steady  flight  prior  to  the  roll.  Automatic  coordination  devices  are  permissible, 
provided  that  no  objectionable  characteristics  result.  If  such  a  device  is  employed,  the 
rudder  pedals  may  be  free  rather  then  fixed  during  the  roll. 

3. L. 16.1  On  class  III  airplanes,  the  lateral  control  requirements  relative  to 

configurations  P  and  CO  shall  apply  under  all  conditions  of  spanwise  weight  distribution 
which  may  be  encountered  in  combat.  On  classes  III  and  II-C  airplanes  in  configuration 
L,  the  requirements  shall  apply  to  all  normal  takeoff  and  landing  loadings,  except  that 
fuel  tanks  mounted  externally  at  the  wing  tips  or  at  outboard  wing  stations  may- be  empty. 

When  these  tanks  are  full,  a  value  of  0.03  may  be  substituted  for  0.05  as  the  required 
average  pb/2V  value. 

3. It. 16.2  On  class  II-L  airplanes,  the  rolling  acceleration  shall  be  such  that  in 
the  normal  loading  condition  which  produces  the  most  critical  rolling  moment  of  inertia 
(light  weight,  heavy  outboard  concentration  of  spanwise  weight),  it  is  possible  to  attain 
the  peak  rate  of  roll,  corresponding  to  the  pb/2V  values  specified  in  table  VI,  in  no 
more  than  (0.5  +b/l00)  seconds  after  initiation  of  pilot  control  aption,  with  peak 
control  forces  not  greater  than  25  lb  (stick)  or  50  lb  (wheel). 

3. h. 16.3  The  peak  lateral  control  force  required  to  obtain  the  rolling  performance 
specified  in  table  VI  shall  not  exceed  the  following  values: 


Class  Z 


-  25-lb  stick  force  or  50-lb  wheel  force 


Class  II  -  25-lb  stick  force  or  50-lb  wheel  force 
Class  IIZ  -  20-lb  stick  force  or  LO-lb  wheel  force 


Classes  II-C  and  III-C  in 
Configuration  L 


20-lb  stick  or  wheel 
foroe 


At  0,8  Vu  the  peak  lateral  control  force  required  to  obtain  the  rolling  performance 
specified  in  table  VI  shall  be  not  less  than  half  the  above  values. 
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3.14.16. li  For  all  airplanes  with  wheel-type  controls,  the  wheel  throw  necessary  to 
meet  the  lateral  control  requirements  shall  not  exceed  90  degrees  in  each  direction. 

3.U.16.5  Lateral  control  shall  be  sufficiently  effective  to  balance  the  airplane 
laterally  under  the  conditions  specified  in  paragraphs  3.24.10,  3. lull. 1,  3.14.12,  and  3.14.13, 
with  aileron  control  forces  not  exceeding  those  specified  in  paragraph  3*Ii.16.3. (See  also 
paragraphs  3.14.6.2,  and  3.14.7.) 

3.U.16.6  When  trimmed  laterally  at  the  service  ceiling  in  configuration  ?,  lateral 
control  effectiveness  shall  be  adequate  to  maintain  the  wings  level  throughout  the  elves 
and  pullouts  of  paragraph  3.3.16,  with  aileron  control  forces  not  exceeding  10  lb  for 
stick  control  or  20  lb  for  wheel  control. 

3.14.16.7  At  all  altitudes,  lateral  control  at  Mq  shall  be  sufficient  to 
produce  a  steady  rolling  velocity  in  the  correct  direction  of  at  least  15  degrees 
per  second  without  excessive  pilot  effort. 


3.I4.I6.8  There  shall  be  no  objectional  nonlinearities  in  the  variation  of  rolling 
response  with  lateral  deflection  or  force  causing  sensitivity  or  sluggishness  in  response 
to  small  cockpit  control  deflections  or  forces. 


3.5  General  control  and  trlmmabillty  requirements. ~ 

3.5.1  Control  for  spin  recovery.-  In  configurations  G  and  L,  tha  normal  controls 
on  classes  I  and  III  airplanes  shall  be  adequate  to  provide  consistent  prompt  recoveries 
from  fully  developed  erect  and  inverted  spins.  Recovery  shall  require  no  abnormal  effort 
on  tho  part  of  the  pilot,  and  recovery  control  forces  shall  not  exceed  250  lb  (rudder), 

75  lb  (elevator),  or  35  lb  (aileron).  Spin  recovery  characteristics  shall  be  adequate  to 
permit  spin  demonstration  as  required  by  the  procuring  activity. 

3.5.2  Control  for  taxiing.-  It  shall  be  possible  to  perform  all  normal  taxiing 
operations  without  undue  pilot  effort  or  inconvenience. 

3.5.3  Control  surface  oscillations.-  All  control  surfaces,  and  surfaces  such  as 
flaps,  slats,  and  speed  brakes,  shall  be- free  of  any  tendency  toward  undamped  oscillations 
apparent  to  the  pilot  under  the  flight  conditions  specified  in  table  II,  at  all  per¬ 
missible  speeds. 
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of  redwing  tK7^Vi^>i^rfh|\j3rrr^ndrijLiC^n1  triwin«  deviots  .hall  b«  oapable 

b,tw  *,n  the  minimum  trim  speeds  iploifltdintlwi  vr/0*^*!  10  ,#ro*  ftt  iP*tdi  P 
ranCM  spaoifiad  in  Ubla  II"  Xn^dition1  *hIhi!*VXI#*nd  th#  Upp#r  llmit#  "tha  »P*#d 
of  tha  longitudinal  trim  devioe  .hall  bl  liohthl^!*  nop,r?U®n  «*  th#  affaetivanaaa 
nnlnUinod  within  10-lb  puah  or  null  ^  th.!1#v*tor  control  forea  oan  bo 

apocifiad  in  paragraph  $.16*  PUU  (2°  lb  tor  el*M  11  ‘^lanaa)  throu*hout  the  diva. 

TABLE  711 

Condition,  for  trlmmini  to  >#ro  control  foroa. 


Condition 


Configuration 


IliiiiiilflHH 


Claaa 


Configuration  L,  at  forward  and 
•ft  critical  loading 


2?fJS;?tt?,\PA»  8t  forwapd 

•ft  critical  loading 


Configuration  CR,  with  up  to  two 
moat  critical  angina,  on  on.  aid. 


trim  speed 


1,2VSCR 


multiangina 


i/Or  normal  approach  spaed,  which.var  ia  lower. 


Spa ad  for 


max  rang. 


given  aattlng^Indel'initaly^u^laag^L?!?^?0^"*!),  ^  trimming  davicaa  shall  maintain  a 
coT«,  Jueh  „  t0  th.  “•Pilot;  by  .  „„t.i  ,S  Sr! 

!"!'?•  if  •»  »rtlflcUl  aUbUttyPd;vlc,bJr“jt?f*"*l?"  of  *"  •rtlflel.l  oUblllty 

Junction  with  a  trim  device,  provision  shall  ^tareonnact  is  used  in  con- 

riovica  to  its  initial  trim  position  on  comnl«ti«n  Jnaur*  tha  accurate  return  of  tha 

automatic  interconnect  operation.  c°"Pl«tion  of  aach  artificial  stabilisation  or 

sticking  or  nlK’i’way^in  eUh^Swctioij^all  notT^^a^i^*1  trlj"  sy8t*n  (including 

Following  auchfail-ra,  it  shall  b.  possible  to  clla.^r^nn  *  ^ght  00^ti5n. 

safe  landing  (including  carrier  landing  for  carrier-ha«*rf  periods  to  make  a 

-  -  =®  .a  sstwSsS SSSrSSr25- 

SJS2S 

nor  cause SQth 31 an^le*  and  normal  acceleration  shall  t0  2/ 3nL»  the  resulting  yaw 

effectiveness  of  the  "manner  '  8°  ”Vere  88  to  impair'seriousiy  L  ^cSc.r  ' 


603 


MIL-F-8?85(A30)  (SUPERSEDED) 


3.6  Stall  oharactsristlos.- 

3.6.1  Required  flight  oondltiona.-  lbs  requirements  for  atall  characteristics 
•hall  apply  at  all  permissible  eg  positions,  for  configurations  0,  CR,  L,  and  PA  in 
straight  unaooalaratad  flight,  and  with  normal  aecalaration  up  to  tha  limits  of  tha 
operational  flight  anvalopoa.  Unlaaa  otharwisa  apaoifiad  by  tha  procuring  activity,  all 
atall  oharactariatioa  requirement*  apply  for  normal  aymmetric  external  store  installations 
throughout  the  entire  range  of  store  loadings,  as  well  as  for  the  dean  airplane  if  such 
stores  are  not  installed  for  some  training  or  tactical  missions. 

3.6.2  Definition  of  stalling  spaed,  Vs.-  The  stalling  speed.  Vs,  is  defined  as  the 
minimum  speed  attainable  In  night,-  and  is  normally  associated  with  the  breakdown  of  air¬ 
flow  over  the  wing  immediately  after  attaining  the  maximum  over-all  trimmed  lift 
coefficient  of  the  airplane.  In  order  to  minimise  dynamic  lift  effects,  the  rate  of 
reduction  of  speed  during  an  approaoh  to  the  stall  should  be  not  greater  than  1  knot  per 
second.  The  oomplete  stall  is  generally  characterised  by  uncontrollable  pitching  or 
rolling,  or  by  a  decrease  in  normal  acceleration  in  turning  flight. 

3. 6. 2.1  For  some  airplanes,  the  technique  of  paragraph  3.6.2  will  not  result  in  a 
true  aerodynamic  wing  stall  because  of  insufficient  longitudinal  control.  Such  airplanes, 
at  a  given  weight,  will  have  varying  minimum  speeds  depending  upon  the  og  position.  For 
purposes  of  this  specification,  the  stalling  speed.  Vs,  for  such  an  airplane  shall  be 
defined  as  the  minimum  speed  attainable  in  the  applicable  configuration  with  the  airplane 
loaded  at  its  aft  critical  loading. 

3.6.2. 2  In  the  event  that  considerations  other  than  wing  maximum  lift  or  available 
longitudinal  control  determine  the  minimum  usable  flying  speed  in  any  configuration  (e.g., 
ability  to  perform  altitude  corrections,  ability  to  take  wave  off,  visibility,  etc),  the 
stalling  speed  V5  for  that  configuration  shall,  for  tha  purposes  of  this  specification, 
be  defined  as  tha  minimum  usable  flying  speed  as  agreed  upon  between  the  contractor  and 
the  procuring  activity,  provided,  however,  that  such  definition  is  consistent  with  the 
definition  of  stalling  speed  as  employed  in  structural  design  considerations,  performance 
guarantees,  etc. 

3.6.3  Stall-warning  requirements.-  The  approach  to  the  complete  stall  shall  be 
accompanied  by  an  easily  perceptible  stall  warning  which  occurs  between  1.0$  and  1.1$ 
times  the  stalling  speed  in  configurations  0,  L,  and  CR,  and  between  1.0$  and  1.10  times 
the  stalling  speed  in  configuration  PA.  Acceptable  stall  warning  shall  consist  of  shaking 
of  the  cockpit  controls,  buffeting  or  shaking  of  the  airplane,  or  both. 

3.6. 3.1  Artificial  stall  warning  closely  simulating  the  warning  required  in  para¬ 
graph  3*6.3  shall  be  permitted  only  if  it  can  be  shown  that  it  is  not  feasible  to  provide 
aerodynamic  stall  warning,  and  if  the  artificial  device  is  approved  by  the  procuring 
activity. 


3. 6.3. 2  For  airplanes  with  limiting  elevators  described  in  paragraph  3.6. 2.1,  no 

stall  warning  is  required  provided  a  true  aerodynamic  stall  cannot  be  obtained  while 
loaded  at  the  aft  critical  loading,  and  provided  no  dangerous  flight  characteristics  or 
motions  occur  at  the  minimum  attainable  speed. 
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3.6.  U  Requirements  for  acceptable  stalling  characteristics.-  Although  it  is 
desired  that  no  nose-up  pitch  occurs  at  the  stall,  a  mild  nose-up  pitch  may  ba  accepted, 
provided  that  no  dangerous  or  seriously  objectionable  flight  conditions  result.  The 
stall  shall  be  considered  unacceptable  if  the  airplane  exhibits  uncontrollable  rolling 
or  downward  pitching  at  the  stall  in  excess  of  20  degrees  from  level  for  classes  I  and 

II  airplanes,  or  30  degrees  from  level  for  class  III  airplanes.  These  requirements  shall 
apply  not  only  to  airplanes  with  conventional  (maximum  lift)  stalling  speeds,  but  also 
to  complete  stalls  when  attainable  by  any  means  on  airplanes  with  stalling  speeds  as 
defined  in  paragraphs  3 .6. 2.1  or  3. 6. 2. 2. 

3.6. U.1  It  shall  be  possible  to  prevent  the  complete  stall  by  normal  use  of  the 

controls  at  the  onset  of  the  stall  warning.  In  the  event  of  a  complete  stall,  it  shall 
be  possible  to  recover  by  normal  use  of  the  controls  with  reasonable  control  forces,  and 
without  excessive  loss  of  altitude  or  buildup  of  speed. 

3«7  Requirements  for  power-  and  boost-control  systems. - 

3.7.1  Normal  control  system  operation.-  The  control  system  shall  satisfy  the 
applicable  mechanical  design  requirements  of  the  procuring  activity,  as  well  as  the 
requirements  of  this  specification.  The  system  shall  be  capable  of  providing  rapid 
repeated  control  movements  as  might  be  required  in  very  rough  air  operation. 

3.7.2  Power  or  boost  failure.-  All  airplanes  employing  power-  or  boost-control 
systems  shall  be  provided  with  suitable  means  for  control  following  complete  loss  of 
power  or  boost.  The  means  for  control  following  such  failure  (e.g.,  independent  boost, 
direct  mechanical  control)  is  referred  to  herein  as  the  alternate  control  system. 

3.7.3  Transfer  to  alternate  control  system  -  Trim  change.-  The  trim  change 
associated  with  transfer  to  the  alternate  control  system,  when  such  transfer  is  either 
caused  by  control  power  failure  or. performed  intentionally  in  accordance  with  routine 
procedure,  shall  never  be  such  as  to  bring  about  dangerous  flight  conditions.  This  shall 
apply  not  only  in  trimmed  level  flight,  but  also  in  dives  to  with  elevator  control 
force,  prior  to  transfer,  out  of  trim  by  as  much  as  ±5  lb.  If  dual  independent  control 
systems  are  used,  a  transfer  at  cruising  altitude  in  trimed  level  flight  in  configura¬ 
tion  P  shall  cause  no  perceptible  trim  change.  If  the  alternate  system  is  not  an 
independent  power  system,  the  out-of-trim  conditions  resulting  from  a  transfer  at 
cruising  altitude  in  trimmed  level  flight  in  configuration  P  shall  be  within  the  following 
lirdtsj 

(a)  Pitch  -  with  controls  free,  the  change  in  normal  acceleration 

shall  not  exceed  ±0.5g. 

(b)  Roll  -  with  controls  free,  the  resulting  rate  of  roll  in  either 

direction  shall  not  exceed  5  degrees  per  second  or  10 
percent  of  the  rate  corresponding  to  the  requirement  of 
table  VI,  whichever  is  less. 

(c)  law  -  the  rudder  control  force  required  to  maintain  aero  side¬ 

slip  shall  not  exceed  100  lb. 

3. 7. 3.1  Upon  transfer  to  the  alternate  control  system  in  configuration  PA  at 

I.ISVsl,  with  trim  set  for  aero  control  forces  prior  to  transfer,  it  shall  be  possible 
on  all  airplanes  to  maintain  the  airplane  attitude  with  elevator  control  forces  not 
exceeding  20  lb  for  all  classes  of  airplanes,  aileron  control  forces  not  exceeding  10  lb 
*fo r  all  classes  of  airplanes,  and  rudder  control  forces  not  exceeding  50  lb  for  classes 
I,  II-C,  and  III  airplanes,  and  100  lb  for  class  II-L  airplanes. 
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3.7.3 .2  On  airplanes  Intended  for  tactical  employment  at  low  altitude,  it  shall  bo 
possible  upon  transfer  to  the  alternate  control  system  at  sea  level  in  configuration  P, 
to  maintain  straight  levnl  flight,  at  l.UVSr  and  at  Vh,  with  control' forces  not  exceeding 
20  lb  elevator,  10  lb  aileron,  and  50  lb  rudder  (100  lb  rudder  on  class  TJ-L  airplanes). 
The  longitudinal  trim  change  under  these  conditions  shall  never  be  noso  down. 

3.7. U  Longitudinal  control  on  alternate  system.-  At  maximum  level  flight  speed 

at  sea  level, It  shall  be  possible,  with  the  primary  control  system, inoperative,  to  obtain 
at  least  3g  on  class  III  airplanes,  and  at  least  1.5g  or  0.6n^,  whichever  is  less,  on 
all  other  airplanes.  Elevator  control  force  in  this  maneuver,  with  the  airplane  trimmed 
for  lg  flight,  shall  not  exceed  75  lb  for  class  I  airplanes,  l£0  lb  for  class  II  airplanes, 
and  120  lb  for  class  III  airplanes.  This  requirement  shall  be  met  with  the  most  forward 
eg  location  corresponding  to  a  combat  loading. 

3.7. U.1  It  is  desired  that  longitudinal  control  on  the  alternate  system  be  adequate 

to  permit  recovery  from  any  dive  condition  normally  attained  in  servLce  operation.  Ac  a 
minimum  requirement,  it  shall  be  possible  on  class  III  airplanes  to  recover  from  a  dive  of 
at  least  $0  degrees  (or  the  dive  angle  resulting  in  Vp,  whichever  is  less)  initiated  from 
service  ceiling  and  maximum  level  flight  speed,  with  the  primary  control  power  system 
rendered  inoperative  at  20,000  feet.  With  the  elevator  control  force  trimmed  within  10- 
lb  push  or  pull  prior  to  the  simulated  failure,  and  with  pilot  trim  setting  operational 
during  recovery,  the  elevator  control  force  in  the  recovery  shall  not  exceed  120  lb.  The 
use  of  any  auxiliary  dive-recovery  or  deceleration  device  having  an  independent  power 
supply  and  readily  available  to  the  pilot  is  permissible  during  the  recovery. 

3. 7.1*. 2  With  the  primary  control  power  or  boost  system  inoperative  and  the  elevator 
control  force  trimned  to  within  5  lb  at  l.UVs,  (1.15Vst  for  carrier- based  airplanes)  ir. 
configuration  PA,  it  shall  be  possible  to  execute  a  safe  landing  with  elevator  control 
forces  not  exceeding  35  lb  for  classes  I,  II-C,  and  III  airplanes,  and  50-lb  stick  force 
or  80-lb  wheel  force  for  class  II-L  airplanes,  when  loaded  at  the  most  forward  eg  location 
corresponding  to  a  normal  service  loading. 

3.7.5  Lateral  control  on  alternate  system.-  With  the  primary  control  power  or 
boost  system  inoperative,  it  shall  be  possible  to  obtain  a  peak  steady  rolling  velocity 
of  15  degrees  per  second  or  50  percent  of  the  pertinent  requirement  of  table  VI,  which¬ 
ever  is  less,  with  aileron  control  forces  not  exceeding  30-lb  stick  force  or  60-lb  wheel 
force.  In  addition,  on  class  II-C  and  class  III  airplanes  in  configuration  L  at  1.1 Vc  , 
the  average  helix  angle  obtainable  over  the  first  30  degrees  of  bank,  as  defined  in  ^ 
table  VI  under  class  III  configuration  L,  shall  be  at  least  pb/2V  (average)  -  0.02,  with 
aileron  control  force  not  exceeding  20-3 b  stick  or  wheel  force.  During  these  rolls,  the 
aileron  trim  shall  remain  fixed  in  the  wings-level  setting,  and  requirements  regarding 
use  of  the  rudder  shall  be  as  specified  in  paragraph  3.U.16,  except  that  on  class  III-L 
airplanes,  the  rudder  requirements  shall  be  as  specified  for  c3Lass  II-L  airplanes  in 
paragraph  3.U.16. 

3.7.6  Directional  control  on  alternate  system.-  With  the  primary  control  power  or 
boost  system  Inoperative,  it  shall  be  possible  to  perform  the  landing  of  paragraph 

3.7.U.2  In  a  cross  wind  of  50  percent  of  the  value  specified  in  paragraph  3.U.13,  with 
rudder  control  forces  not  exceeding  180  lb. 

3.7.7  Ability  to  trim  on  alternate  systmo.-  With  the  airplane  operating  on  the 
alternate  control  system,  it  shall  be  possible  to  trim  the  elevator,  aileron,  and  rudder 
control  forces  ter  sero  at  all  level-flight  speeds  above  the  minimum  speeds  specified  in 
table  VII. 
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3.7.8  Feel  system  failure.-  Failure  of  an  artificial  feel  system  shall  not  result 
in  unsafe  flight  conditions,  and  shall  not  impair  the  ability  to  effect  a  satisfactory 
landing  (including  carrier  landing  for  carrier-based  aircraft).  This  requirement  may  be 
waived  only  if  it  is  established  to  the  satisfaction  of  the  procuring  activity  that  the 
possibility  of  feel  sys+an  failure  is  extremely  remote. 


u.  QUALITY  ASSURANCE  PROVISIONS 

U.l  Quality  assurance  provisions  shall  be  as  specified  by  the  procuring  activity. 


5.  PREPARATION  FOR  DELIVER! 

5.1  Not  applicable  to  £his  specification. 


6.  NOTES 

6.1  Intended  use.-  This  specification  contains  the  flying  qualities  requirements 
for  piloted  airplanes  and  shall  form  one  of  the  bases  for  determination,  by  the  procuring 
activity,  of  airplane  acceptability.  The  specification  shall  serve  a3  design  requirements, 
anti  ;i'.  criteria  for  use  in  stability  and  control  calculations,  analysis  of  wind  tunnel 
test  rf-s'ilts,  and  flight  testing  and  evaluation. 

>j.2  Definitions.-  Terms  and  symbols  used  throughout  this  specification  are  defined 

as  follows s 


VR/C  -  Speed  for  maximum  rate  of  climb  with  normal  rated  power. 

Vs  -  See  paragraph  3.6.2.  The  subscrlpta,  e.g.,  G,  L,  etc,  refer  to 

the  airplane  configurations  described  in  paragraph  3 .1.9. 

M  -  Mach  number 

VH,  Mh  -  High  speed  (Mach  number),  level  flight,  augmented  power. 

VNRP  “  speed,  level  flight,  normal  rated  power. 


VD,  Md  -  Maximum  permissible  speed  (Mach  number)  as  defined  by 
the  maximum  permissible  speed  envelope  of  paragraph 
3.1. U. 

Vm,  %  -  Maximum  operational  speed  (Mach  number)  as  defined 

by  the  maximum  operational  speed  envelope  of 
paragraph  3.1.3. 


~  The  helix  angle,  in  radians,  described  by  a  wingtip  during  a 

2V  rolling  maneuver!  p  is  the  rate  of  roll  about  the  body  axis  in 

radians  per  second,  b  is  the  wingspan  in  feet,  and  V  is  the  true 
airspeed  in  feet  per  second. 

n  -  Normal  load  factor,  in  g  unite,  normal  to  body  axis. 

\  “  Limit  load  factor  for  a  given  loading  based  on  structural 

considerations. 


c4 


Number  of  cycles  lor  the  lateral  oscillations  to  damp  to  half 
amplitude. 
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-  Sink  angle,  degrees. 

-  Sideslip  angle,  degrees. 

-  Ratio  of  amplitudes  of  bank  and  sideslip  angles  in  oscillatory  mode. 

-  Rolling  parameter,  degrees/feet  per  second. 

/  i .  L.  m  57 .3  ,  /  ^  /_  where  V.  is  equivalent  airspeed 

/*./  V*  Ifil 

in  feet  per  second. 

-  Military  rated  power,  which  is  the  maximum  power  (not  including 
augmentation)  at  which  the  engine  can  be  operated  for  a  specified 
period. 

-  Normal  rated  power,  which  is  the  maximum  power  at  which  the  engine 
can  be  operated  continuously. 

.  power  for  level  flight  at  the  specified  condition. 

Augmented  power  -  Military  rated  power  plus  augmentation,  e.g.,  J*to, 
afterburner. 

Power  and  thrust  -  For  reaction- type  engines,  the  word  "power"  shall  be 
replaced  by  the  word  "thrust"  throughout  the  specification. 

Control  surface  -  An  external  surface  or  device  which  is  positioned  by  a 
cockpit  control,  and  which  produces  aerodynamic  or  jet-reaction 
type  forces  In  such  manner  as  to  control  the  attitude  of  the 
airplane.  As  used  in  this  specification,  the  elevator,  ailerons, 
and  rudder  are  the  control  surfaces  or  devices  which  are  controlled 
by  the  stick  (or  wheel)  and  rudder  pedals  to  provide  longitudinal, 
lateral,  and  directional  control,  respectively. 

Control-fixed  -  A  condition  where  the  pilot's  cockpit  control  is  held  firmly 
at  a  given  position.  Elevator-fixed,  rudder-fixed,  and  aileron- 
fixed  refer  to  the  condition  of  the  individual  cockpit  control. 

Control-free  -  A  condition  where  the  cockpit  control  is  unrestrained 
by  the  pilot.  Elevator-free,  rudder-free,  and  aileron- 
free  refer  to  the  condition  of  the  individual  cockpit  control. 

Elevator-fixed  neutral  point  -  The  eg  position  for  zero  elevator  cockpit 

control  travel  with  change  in  speed,  in  straight  flight  at  constant 
throttle. 

Elevator-free  neutral  point  -  The  eg  position  for  zero  elevator  control  force 
with  change  of  speed  for  trim,  in  straight  flight  at  constant 
throttle. 

Elevator  control  force  -  Component  of  applied  force,  exerted  by  the  pilot  on 

the  cockpit  control,  in  or  parallel  to  the  plane  of  symmetry,  acting 
at  the  center  of  the  stick  grip  or  wheel  in  a  direction  perpendicular 
to  a  line  between  the  center  of  the  stick  grip  or  wheel  and  the  stick 
or  control  column  pivot. 
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Rudder  control  force  -  Difference  of  push-force  components,  of  the  forces 
exerted  by  the  pilot  on  the  Vuddter* pedals,  ly^ng  ^n,  planes  parallel 
to  the  plane  of’ symmetry,  measured  along  lines  connecting  the  fore¬ 
most  point  of  the  seat  (at  midadjustment)  and  the  normal  points  of 
application  of  the  pilot's  instep  on  the  respective  rudder  pedals. 

Aileron  control  force  -  For  a  stick  control,  the  component  of  control  force 
exerted  by  the  pilot  in  a  plane  perpendicular  to  the  plane  of 
symmetry,  acting  at  the  center  of  the  stick  grip  in  a  direction  per¬ 
pendicular  to  a  line  between  the  center  of  the  stick  grip  and  the 
stick  pivot.  For  a  wheel  control,  the  total  moment  applied  by  the 
pilot  about  the  wheel  axis  in  the  plane  of  the  wheel,  divided  by  the 
average  radius  of  the  pilot's  grip. 

A't  critical  loading  -  The  normal  service  loading  which  results  in  a  combi¬ 
nation  of  weight  and  eg  position  producing  minimum  stability. 
(Ordinarily  the  lightest  gross  weight  at  which  the  most  aft  6g 
position  can  be  obtained  in  a  given  configuration  at  a  normal  service 
loading. ) 

Forward  critical  loading  -  Ordinarily,  the  heaviest  gross  weight  at  which  the 
most  forward  eg  position  can  be  obtained  in  a  given  configuration  at 
a  normal  service  loading. 

Sideslip  angle  -  Angle  between  the  undisturbed  flow  and  plane  of  symmetry  of 
the  airplane,  measured  in  a  plane  parallel  to  the  relative  wind  and 
perpendicular  to  the  plane  of  symmetry.  Plus,  or  right  sideslip, 
corresponds  to  incident  flow  approaching  from  the  right  side  of  the 
plane  of  symmetry. 

Power  off  -  Reciprocating  engine:  Throttle  closed,  propeller  windmilling;  for 
configuration  L,  propeller  pitch  control  in  "low  pitch"  setting  or  in 
setting  normally  used  in  landing  approach;  for  configuration  G,( 
propeller  control  setting  optional. 

Jet  engines:  Idling  thrust. 

Turboprop  engines:  Flight-idle  setting;  for  configuration  L,  pro¬ 
peller  control  setting  as  normally  employed  in  landing  approach; 
for  configuration  G,  propeller  control  setting  optional. 

Rocket  engines:  Thrust  condition  normally  used  in  landing  touchdown. 

6.3  Interpretation  of  qualitative  requirements.-  In  several  instances  throughout 
the  specification  requirements,  qualitative  terms,  such  as  "objectionable  flight 
characteristics,"  "unacceptable  flight  conditions,"  "unusual  pilot  technique,"  etc,  have 
been  employed  as  a  means  of  permitting  latitude  where  absolute  quantitative  criteria 
might  be  unduly  restrictive.  Final  determination  of  compliance  with  requirements  so 
worded  will  be  made  by  the  procuring  activity. 

6.U  Rates  of  operation  of  auxiliary  aerodynamic  devices.-  Although  it  has  not 
been  considered  feasible  to  include  in  this  specification  quantitative  requirements  for 
rates  of  operation  of  trim  tabs,  trlmmable  stabilisers,  artificial  feel  trimmers,  etc, 
or  for  rates  of  extension  and  retraction  of  flaps,  speed  brakes,  etc,  the  influence  of 
such  rates  on  the  flying  qualities  may  be  appreciable  and  is  treated  qualitatively  in 
paragraph  3.2.3.  In  general,  trim  devices  should  be  operable  rapidly  enough  to  enable 
the  pilot  to  maintain  trim  under  changing  conditions  as  normally  encountered  in 
functional  and  tactical  employment  of  the  airplane,  and  yet  must  not  be  so  rapid  in 
operation  as  to  induce  over  sensitivity  or  trim  precision  difficulties  under  any  flight 
condition.  Flaps  and  other  high  lift  devices  should  operate  at  a  rate  sufficient  to 
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permit  transition  into  the  high  lift  configuration  without  undue  delay,  and  yet.  must  not 
operate  so  rapidly  as  to  cause  sudden  or  erratic  trim  or  Ilf t~ changes.  This  limitation 
on  rate  of  operation  applies  also  to  speed  brakes,  which,  nevertheless,  must  function  at 
a  rate  sufficient  to  meet  the  tactical  and  operational  needs. 

6.5  Control  force  coordination.-  The  control  forces  required  to  perform  maneuvers 
which  are  normal  for  the  airplane  should  have  magnitudes  which  are  related  to  the  pilot's 
capability  to  produce  such  forces.  As  a  tentative  guide  on  this  subject,  it  is  desired 
that  the  relative  magnitudes  of  control  forces  in  coordinated  maneuvers  should  be  approxi¬ 
mately  in  the  ratio  of  50,  175,  and  25  pound  (or  2t7:l)  for  elevator,  rudder,  and  aileron 
force,  respectively,  for  a  stick-control  airplane.  For  a  wheel-control  airplane,  the 
elevator  and  aileron  control  forces  may  be  increased  by  50  percent.  These  ratios  refer 

to  the  peak  forces  obtained  when,  starting  from  level  flight  in  configuration  P  at  medium 
altitude,  a  rolling  pullout  maneuver  is  performed  in  which  approximately  2/3  of  the 
available  rolling  velocity  is  obtained  simultaneously  with  a  normal  load  factor  of 
approximately  1  +2/3  (n^  -  1),  maintaining  zero  sideslip  with  the  rudder. 

6.6  Artificial  stability  devices.-  In  general,  the  use  of  artificial  devices,  such 
as  rate,  dampers  or  static-stability  augmenters,  should  be  considered  only  when  provision 
of  the  required  degree  of  stability  by  aerodynamic  or  simple  mechanical  means,  such  as 
bob  weights,  down  springs,  spring  tabs,  etc,  is  shown  to  be  impossible  or  impracticable. 

When  artificial  devices  are  employed,  it  is  ordinarily  desired  that,  subject  to  reasonable 
limitations  on  weight  and  complexity,  the  improvement  in  the  affected  flight  characteris-  ,  , 
tics  be  such  that  an  appreciable  margin  is  provided  beyond  the  pertinent  minimum  require¬ 
ments.  When  extensive  automatic  provisions  are  incorporated  (e.g,  automatic  pilot  with 
control-stick  steering),  the  requirements  of  this  specification  will  ordinarily  be 

augmented  by  specifications  governing  the  procurement  of  the  specialized  equipment. 

6.7  Effects  aeroelasticity,  control  equipment,  structural  dynamics,  etc.-  ,  f 

Since  the  effects  of  aeroelasticity,  control  equipment,  and  structural  dynamics  may  exert 

an  important  influence  on  the  airplane  flying  qualities,  such  effects  should  not  be  over¬ 
looked  in  calculations  or  analyses  directed  toward  Investigation  of  compliance  with  the 
requirements  of  this  specification. 

6.8  Lateral  oscillations.-  The  inclusion  of  the  roll  parameter  in  the  lateral- 
dynamic  stability  requirements  of  paragraph  3.U.1  is  based  on  partial  results  of  several 
research  programs  still  in  progress.  Evidence  indicates  that  for  very  short  periods 
(i.e.,  below  1.8  seconds)  and  for  values  of  //  /ve  /  greater  than  1.2,  the  desired 
damping  may  be  considerably  greater  than  that  specified  in  figure  1.  Pending  the  incor¬ 
poration  of  later  research  results  in  the  requirements,  periods  and  rolling  parameters 

in  these  areas  should  be  treated  with  caution,  with  the  values  shown  in  figure  1  employed 
as  minimums. 

6.9  Control  position  measurement.-  In  this  specification,  requirements  involving 
control  position  have  generally  been  written  in  terms  of  cockpit  control  rather  than 
surface  deflection  beesuae  of  the  more  direct  influence  of  cockpit  controls  on  pilot 
impressions.  Because  of  the  more  basio  engineering  significance  of,  and  need  for, 
surface  deflection  data,  proof  of  compliance  with  such  requirements  will  ordinarily  be 
accepted  in  terns  of  surface  deflections  unless  linkage  peculiarities,  stretch,  delor- 
mation,  etc,  appear  to  render  such  proof  invalid. 
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6.10  Engine  considerations . -  In  certain  of  the  flying  qualities  design 
requirements,  tne  effects  of  engine  operation  are  obvious  and  are  covered  directly 
(e.g.,  trim  changes  with  power,  stability  with  various  power  settings,  etc). 
Secondary  or  less  clearly  defined  effects  of  engine  operation  may  have  an  important 
bearing  on  flight  characteristics  and  should  not  be  overlooked  in  design.  These 
considerations  include:  The  effects  of  engine  control  and  response;  the  effects 

of  engine  gyroscopic  moments  in  airplane  dynamic. motions;  and  the  effects  of 
engine  operation  on  spin  characteristics  and  spin  recovery. 

6.11  Control  system  characteristics.-  So  many  arrangements  of  flight 
control  systems  are  possible,  considering  direct  mechanical,  power-boosted,  and 
fully  powered  controls,  artificial  feel,  artificial  stabilisation,  autopilot 
tie-in,  etc,  that  a  limited  set  of  requirements  such  as  those  specified  in  para¬ 
graph  3.2  hardly  can  be  expected  to  rule  out  all  undesirable  characteristics. 

Some  of  the  known  important  variables,  even  in  a  simple  system,  are  friction  in 
the  control  valve;  friction,  flexibility,  back-lash,  gear  ratio,  and  inertia  in 
the  control  system;  viscous  damping  and  preload  in  the  control  system  or  valve; 
rate  limiting  of  the  control  actuator;  and  the  level  of  aircraft  static  and 
dynamic  stability.  The  introduction  of  nonlinear  linkages  or  valve  character¬ 
istics  further  multiplies  the  important  variables.  In  general,  the  designer 
should  make  every  effort  to  provide  a  linear  or  smoothly  varying  response  to 
cockpit  control  deflection  and  to  control  force  for  all  amplitudes  of  control 
input,  including  values  of  stick  force  within  the  range  of  allowable  breakout 
forces  (table  I),  and  small  control  deflections  such  as  those  required  in  tracking. 
The  phase  lag  between  the  cockpit  control  deflection  or  force  and  control  surface 
deflection  should  be  kept  to  a  minimum  for  reasonably  large  amplitude  motions  at 
frequencies  considerably  above  the  airplane  natural  frequencies,  and  should  not 
increase  unduly  at  very  small  control  amplitudes. 


PATENT  NOTICE:  When  Government  drawings,  specifications,  or  other 
data  are  used  for  any  purpose  other  than  .in  connection  with  a  defi¬ 
nitely  related  Government  procurement  operation,  the  United  States 
Government  thereby  Incurs  no  responsibility  nor  any  obligation  what¬ 
soever;  and  the  fact  that  the'  Government  may  have  formulated, 
furnished,  or  in  any  way  supplied  the  said  drawings,  specifications, 
or  other  data  is  not  to  be  regarded  by  Implication  or  otherwise  as 
in  any  manner  licensing  the  holder  or  ary  other  person  ©^corpora¬ 
tion,  or  conveying  any  right*  or  permission  to  manufacture,  use,  or 
sell  any  patented  Invention  that  may  in  any  way  be  related  thereto. 
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PRRPACH 


This  report  was  prepared  to  answer  a  request  from  ASD  (ASBW) ,  Wright* 
Patterson  APR,  Ohio.  Hie  Flight  Control  Division  (FDCC)  of  the  Flight 
Dynamics  laboratory  required  environmental  data  on  the  probability  of  high 
cross  winds  at  existing  airfields  to  aid  in  determining  realistic  cross  wind 
landing  criteria  for  MII.-F-8785B ,  "Flying  Qualities  of  Piloted  Airplanes." 

Questions  concerning  this  report  or  related  problems  should  bo  directed 

to  ASBW. 
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WIND  SPEED  INFORMATION  FOR  MIL-F-8785 


?  **  I.  INTRODUCTION 

I 

V 

(  At  present  MIL-F-8785,  "Flying  Qualities  of  Piluted  Airplanes" 

I  specifies  that  certain  aircraft  be  able  to  land  in  cross  winds  up  to  40  knots, 

i  The  validity  of  this  requirement  has  been  questioned  and  it  has  been  suggested 

thnt  the  requirement  be  relaxed.  Data  provided  herein  show  that  this  require- 
|  ment  should  bo  lowered  considerably  for  flying  operations  conducted  from 

existing  military  airfields. 


1 1 .  DATA 


Wind  is  defined  as  air  in  motion  relative  to  the  surface  of  the  earth. 
For  meteorological  purposes,  the  surface  wind  is  taken  as  the  horizontal 
component  of  the  wind  at  some  height  near  the  surface.  This  height  has  varied 
at  each  station  and  from  station  to  station  over  the  years.  In  recent  years 
at  USAF  bases  the  anemometer  height  has  been  about  13  feet.  Weather  stations 
record  the  average  speed  over  some  time  interval.  Values  given  in  this  report 
are  averages  over  a  1-minute  period.  There  are  large  time  and  space  variations 
in  wind  speed  and  terrain  features  exert  a  large  influence.  Data  presented  in 
this  report  are  taken  at  airfield  locations  which  generally  have  flat  terrain 
and  one  mile  or  more  of  unobstructed  flow  upwind  from  the  anemometer.  Hourly 
1-minute  wind  speeds  were  collected  from  266  locations  in  the  contiguous  U. 
and  36  overseas  locations  over  the  available  period  of  record.  The  period  of 
record  varies  but  5  years  of  record  was  available  for  almost  all  stations  with 
a  large  percentage  of  the  stations  having  in  excess  of  10  years.  Three  maps 
of  the  contiguous  U.S.  showing  isolines  of  mean  annual  percent  of  time  or  mean 
annual  hours  that  surface  wind  speeds  exceed  22  knots,  28  knots,  and  34  knots 
are  given  as  Figure  1,  Figure  2,  and  Figure  3,  respectively. 


III.  RECOMMENDATION 


The  requirement  that  aircraft  be  able  to  land  in  cross  winds  up  to 
40  knots  is  too  severe  for  existing  military  airfields.  This  requirement 
could  be  relaxed  to  25  knots  and  still  achieve  at  least  99.5%  operational 
effectiveness . 
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Figure  1  (APPENDIX  TL) 

AVERAGE  ANNUAL  PERCENT  OF  TIME  THAT  SURFACE  NINO  SPEED 
AVERAGE  FOR  A  I -MINUTE  PERIOD)  EQUALS  OR  EXCEEDS  22  KNOTS 


b 


Figure  3  (APPENDIX  II) 

AVERAGE  ANNUAL  PERCENT  OF  TIME  THAT  SURFACE  WIND  SPEED 
(AVERAGE  FOR  A  1 -MINUTE  PERIOD)  EQUALS  OR  EXCEEDS  KNOTS 


APPENDIX  III 


MEASUREMENT  OF  uv  AND  f  OF  SECOND-ORDER  RESPONSES 


This  appendix  is  a  discussion  of  various  hand-measurement  techniques 
for  determination  of  uJv  and  £  of  second-order  modes  from  time  histories.  If 
the  response  being  measured  is  higher  than  second  order,  then  these  techniques 
can  be  successfully  applied  only  if  the  residues  of  t’.e  unwanted  roots  are 
small  or  if  the  contribution  of  these  roots  has  been  identified  and  subtracted 
from  the  response.  Analog-matching  techniques  (Appendix  IV-D)  can  be  used  for 
those  cases  where  the  hand  techniques  cannot  be  used  at  all  or  where  more 
accuracy  is  desired. 

Several  hand  techniques  are  presented  in  Table  I,  covering  different 
ranges  of  damping  ratios.  The  transient  peak  ratio  method  is  useful  for  damping 
ratios  from  -0.5  to  +0.5.  This  is  the  most  important  method  because  £, ,  $sp) 
and  normally  fall  within  this  range.  The  time-ratio  method  and  the  maximum- 
slope  method  yield  good  results  for  damping  ratios  from  0.5  to  1.0,  and  may  be 
useful  up  to  %  -  1.4.  A  method  is  also  discussed  which  is  specifically  appli¬ 
cable  to  overdamped  short-period  modes  and  which  can  be  used  for  damping  ratios 
above  1.1  or  1.2.  All  the  hand  methods  require  that  the  section  of  time 
history  being  analyzed  begin  with  zero  slope  at  some  time,  ±o  ,  after  the  input 
becomes  steady  state  (the  input  is  control  force  when  controls- free  dynamics 
are  being  measured,  and  control  position  when  controls- fixed  dynamics  are  being 
measured) .  Any  of  the  airplane  responses  having  a  steady  state  can  be  analyzed 
provided  this  initial  condition  is  met,  as  shown  in  the  following  examples  for 
short-period  response  to  elevator  inputs. 

Time  History  of  Doublet  Input  (recommended  by  Appendix  IVC) : 
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The  application  of  the  required  initial  conditions  to  these  examples 
is  straightforward,  but  one  pitfall  should  be  mentioned.  The  initial  response 
of  the  airplane  to  nonideal  step  inputs  is  normally  quite  distorted.  There¬ 
fore,  use  of  the  instant  of  the  input  as  t0  can  lead  to  errors  in  obtaining 
and  %  .  Particular  caution  must  be  observed  in  analyzing  pitch-rate 
response.  Even  for  an  ideal  step  input,  the  phasing  of  the  pitch-rate  response 
is  such  that  tQ  cannot  be  taken  at  the  instant  of  the  input.  Failure  to  observe 
this  caution  will  result  in  gross  errors  in  cjv  and  %  . 

The  second  version  of  the  transient  peak-ratio  (TPR)  method  shown  in 
Table  I  is  the  easier  of  the  two  to  use,  and  is  generally  more  accurate  because 
the  TPR  determined  from  the  first  version  is  very  sensitive  to  how  accurately 
the  steady  state  can  be  determined.  In  general,  the  portion  of  the  response 
immediately  after  the  input  becomes  steady  state  is  likely  to  be  somewhat 
distorted  from  second  order  due  to  control  system  dynamics.  The  entire  response 
may  be  slightly  contaminated  with  higher-order  effects  or  nonlinearities.  If 
the  damping  ratio  is  low  enough  that  several  overshoots  are  apparent  in  the 
response,  a  plot  of  47  ,  ,  etc.,  or  &x0  ,  4*,  ,  etc.,  versus  t  on  semi  log 

paper  will  give  a  feeling  for  the  magnitude  of  tnese  distortions.  The  TPR  can 
then  be  determined  by  fairing  a  straight  line  through  the  data  points,  as  follows: 
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Approximate  higher-order 
contributions  to 
initial  response 


The  time-ratio  method  provides  three  separate  checks  on  &  and  ^77  , 
which  is  useful  in  getting  a  feeling  for  how  much  the  time  history  is 
distorted  from  pure  second  order.  Notice,  however,  that  should  generally 

be  regarded  as  the  least  accurate  of  the  time  measurements  because  it  is  very 
sensitive  to  errors  in  choosing  ta  ,  and  because  the  early  portion  of  the 
response  is  especially  affected  by  control  system  dynamics.  Remember  also 
that  A  tj  is  sensitive  to  errors  in  selection  of  the  steady  state. 

Tire  maximum-slope  method  was  developed  to  eliminate  some  of  the 
inherent  inaccuracies  of  the  time-ratio  method  by  eliminating  the  need  to 
determine  the  steady  state  and  te  .  The  method  does  introduce  an  inaccuracy 
of  its  own,  however.  The  inaccuracy  is  caused  by  the  fact  that  ax,  is 
generally  a  small  amplitude  to  measure,  usually  12  to  24  percent  of  AX  . 

This  inaccuracy  affects  X  primarily,  but  tends  to  be  somewhat  insensitive 
to  errors  in  determining  ax,  .  In  the  original  version  of  the  method  (Refer¬ 
ence  b98),  a  time  ratio  was  computed  in  addition  to  AX, /AX  as  a  cross-check 
on /  ;  but  this  was  eliminated  in  the  present  version  because  it  was  subject 
to  considerable  inaccuracy  (similar  to  the  inaccuracy  of  Atf  in  the  time- 
ratio  method). 

The  method  for  separated  real  roots  generally  works  well  but  is  some¬ 
what  sensitive  to  errors  in  determining  the  steady  state.  Therefore,  if  the 
exact  location  of  the  steady  state  is  in  question  (due  to  phugoid  excitation, 
for  instance),  a  modification  of  the  basic  method  developed  in  Reference  B98 
can  be  employed.  The  only  difference  in  the  modified  method  is  that  the  values 
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of  AX  (t)  to  be  plotted  on  semi log  paper  are  measured  so  as  to  eliminate  the 
need  to  determine  the  steady  state.  Each  value  of  AX#)  is  now  defined  as 
\x  (t  *  At)  "  -X  (tj\  ,  where  A  T  is  a  fixed  time  increment. 


After  plotting  AXtt)  t  defined  in  this  manner,  versus  t  on  a  semilog  plot,  the 
analysis  proceeds  exactly  as  shown  in  Table  I  for  the  basic  method. 


This  modified  method  will  exhibit  more  scatter  in  the  data  points  on  the  semi¬ 
log  plot  than  will  the  basic  method,  but  the  slope  of  the  line  faired  through 
the  data  may  be  more  accurate.  A  word  of  caution  is  in  order,  however.  If 
the  basic  method  is  applied  to  a  response  whose  damping  ratio  is  thought  to 
be  greater  than  1.0  but  is  actually  slightly  less  than  1.0,  the  error  will 
probably  be  noticed  because  no  part  of  the  semi log  plot  will  be  found  to  which 
a  straight  line  can  be  fitted  (although  this  behavior  can  also  result  from  an 
error  in  determining  the  steady  state).  With  the  modified  method,  however,  a 
straight  line  can  usually  be  fitted  and  two  real  roots  obtained.  Use  of  these 
roots  to  obtain  and  ?  will  result  in  gross  errors.  Therefore,  if  the 
damping  ratio  is  thought  to  be  only  slightly  greater  than  1.0,  check  the 
results  of  separated  real-roots  method  by  using  the  time-ratio  or  the  maximum- 
slope  method. 
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APPENDIX  CQ) 

JES  FOR  DETERMINATION  OF 
MID-ORDER  SYSTEMS 


USE  OF  PARAMETERS  TO  ORTA  I R  f  l&n 


THE  FIRST  SKETCH  ILLUSTRATES  THE  METHOD  DESCRIBED 
IN  REFERENCE  197.  THE  SECOND  SKETCH  ILLUSTRATES  A 
MODIFICATION  TO  THIS  METHOD  (REFERENCE  198)  MUCH 
DOES  NOT  REQUIRE  DETERMINATION  OF  THE  STEADY  STATE 
RESPONSE.  FIRST,  DETERMINE  THE  TRANSIENT  PEAK  RATIO: 

tpr  =ak,/aj0  =  ax2/ax,  =  ax3/ax2  =  BTj/ffiT,  =  aIj/ax^, 

ETC.  USE  TPR  TO  COMPUTE  f  FROM  FI9URE  I.  DETERMINE 
THE  DAMPED  PERIOD,  T,  FROM  THE  TIME  8ETNEEN  CROSSINGS 
OF  THE  STEADY  STATE  OR  TIME  OETHEEN  PEAKS.  *)n  - 

(vthju?). 


THE  TINE- RATIO  METHOD  IS  DESCRINED  IN  REFERENCE  197. 
AFTER  DETERMINING  THE  STEADY  STATE  ANOAt,.  Atj  At, 
COMPUTE  THE  TIME  RATIOS  (At2/Atl),  (Atj/At,). 

USE  OF  THESE  RATIOS  ON  FIRURE  2  YiaOS 

TWEE  VALUES  OF  f .  IN  PRACTICE.  USE  JUDONENT  OR  AN 
AVERAGE  OF  THE  THREE  VALUES  AS  i  .  AGAIN,  USE  FIGURE  2 
TO  DETERMINE  ( ^>nt, ).  (4>„t2),  U„t,).  DIVIDE  (Y 

t2,tj  RESPECTIVELY  TO  DETERMINE  wB. 


THE  MAXIMUM-SLOPE  METHOD  HAS  DEVELOPED  IN  REFERENCE  MG 
AND  THE  PRESENT  VERSION  PRESENTED  IN  REFERENCE  MO. 

AFTER  DETERMINING  THE  MAXIMUM-SLOPE  TANGENT  AND  AX.  AX, 
COMPUTE  THE  RATIO  (AX, /AX).  USE  (A  X,/AX)  TO  OGTAIN  t 
AND  (&7„AT)  FROM  FIGURE  3.  THEN  a)  „  =  ( «Jn  A  T)/  A  T. 


NHEN  Y  >  1.0,  THE  SECOND-ORDER  RESPONSE  IS  ACTUALLY 
COMPOSED  OF  TUO  UNEQUAL  REAL  ROOTS.  A  METHOD  FOR  DETERM¬ 
INING  THESE  ROOTS  IS  DESCRINED  IN  REFERENCE  (97.  PE¬ 
TE*  I  HE  THE  STEADY  STATE  AND  PLOT  AX(t)  VERSUS  t  OH 
SEMI  LOO  PAPER.  AFTER  THE  FASTER  ROOT  MAS  DECAYED,  THE 
SDII  LOG  RESPONSE  HILL  RE  A  STRAIGHT  LINE.  MMOSE  SLOPE 
DETERMINES  THE  SLOHER  ROOT  (r,)  AS  SHORN.  THE  FASTER 
ROOT  (Tj)  =  r  I  (ax#/ax'  ),  0R_  CAN  DE  DC  TE  MURED  FROM 
THE  SLOPE  OF  A  SEMI  LOG  PLOT  OF  Al(t)  VERSUS  t.  THEN 

=  rr~z  i 

"  T  r,  r,  •  2 

(SEE  TEXT  FOR  A  USEFUL  VARIATION 
OF  THIS  METHOD) 


23  25  2  3  3  S  S  a  3  3  2  3  2  3 

1  »»ta 1  *i»ro*  ‘lym  janpojd  sum  Xauanhai  j 
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Figure  2  (APfBDIX  £□) 
DETERMIIIIG  I  AID  -s  BT  TIME-tATIO 
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IVA.  I.ON(UTIIHINAI.  STATIC  STABILITY 

obvious  method  for  testing  against  5.2. 1.1  is  to  first  trim  the  air¬ 
plane;  and  then  use  elevator  control  alone  to  change  and  restabiliso  airspeed, 
leaving  the  throttle  and  trimmer  controls  at  their  trim  settings.  The  altitude, 
of  course,  will  vary  constantly  during  this  tost;  but  careful  programming  of 
the  test  sequence  cun  keep  the  altitude  within  reasonable  bounds,  for  subsonic 
speeds  at  least,  At  low  speed  this  tost  gives  an  excellent  indication  of 
pluigoid  stiffness  or  any  divergent  roots,  though  it  is  time-consuming.  Hut  at 
higher  speeds,  larger  altitude  changes  arc  encountered  during  the  runs.  Then 
the  lack  of  any  unique  relation  between  altitude  and  speed  can  cause  difficulty, 
because  compressibility  effocts  are  functions  of  both  A  and  V  ,  For  example, 
gross  differences  In  apparent  "stability1*  are  common  transonically  between 
results  of  airspeed  variation  at  constant  Mach  number  and  results  of  Mach 
variation  at  constant  airspeed.  Neither  of  these  latter  two  tests  give  the 
desired  result  which  is  an  indication  of  long-term  stability. 

The  acceleration-deceleration  method  is  a  popular  mothod  because  it  is 
the  quickest.  After  trimming,  the  airplane  is  decelerated  to  the  specified 
lower  limit  of  the  speed  range  by  reducing  power  and  holding  altitude  constant 
with  the  elevator.  The  airplane  is  next  accelerated  to  the  maximum  specified 
speed  and  then  decelerated  to  the  trim  speed.  All  this  is  done  at  constant 
ultitude.  The  method  is  fast,  and  provides  an  almost  infinite  number  of  data 
points  because  datu  can  be  recorded  continuously  during  the  maneuver.  One 
practical  problem,  howover,  is  that  unless  tho  pilot  changes  power  slowly 
and  moves  the  elevator  smoothly  so  that  normal  acceleration  is  held  vory  close 
to  1,0,  the  duta  will  include  unwanted  contributions  from  <£/*r  (constant  speod). 

At  low  speeds,  the  control  forco  and  position  versus  airspeed  gradients 
obtained  from  the  ubove  two  methods  will  be  essentially  equal.  At  high  speeds, 
the  gradients  will  differ  by  a  factor  which  depends  on  altitude  and  airspeed. 

The  difference  is  primarily  due  to  the  fact  that  largo  altitude  changos 
accompany  small  airspeed  changes  during  high-speed  flight  at  constant  throttle, 
us  explained  in  the  discussion  of  3. 2. 1.2.  This  means  that  air  density  and 
the  speed  of  sound  will  vary  appreciably  during  static  stability  tests  using 
the  stabilized  mothod,  but  not  during  acceleration-deceleration  tests.  It  is 
not  obvious  which  type  of  test  most  accurately  measures  "static  stability." 

It  is  obvious,  however,  that  the  stabilized  method  is  very  time-consuming 
and  exhibits  poor  repeatability  for  high-speed  flight  conditions.  For  this 
reason,  the  acceleration-deceleration  method  is  generally  preferable  for 
-  >  testing  at  high  speeds. 

4 

A  possible  source  of  eiror,  which  can  accompany  the  acceleration- 
deceleration  tests,  should  be  mentioned.  This  error  is  often  present  because 
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tho  tout*  are  usually  conducted  lining  off-trim  throttle  netting*.  The  pitching 
moment  and  vertical  force  change*  with  apeed  at  an  off-trim  throttle  netting 
may  he  aignlf leant ly  different  from  thoae  obtained  at  the  trim  throttle 
netting.  Unless  tho  engine  thruat  and  alipatream  effect*  due  to  changing 
throttle  and  nirapeed  are  known  before  the  teat,  it  ia  obvioua  that  the  control 
force  and  poaition  data  muat  be  obtained  with  the  throttle*  at  their  trim 
aettinga. 

In  view  of  the  above  discussion,  the  following  technique*  are  recom¬ 
mended  aa  a  reasonable  compromise  between  accuracy  and  practicality.  At  low 
speed*  where  the  altitude  change*  aaaociated  with  conatant-throttle  airapood 
change*  are  email  and  whero  operation  near  the  atall  apeed  ia  required,  tho 
conatant-power  stabilized-airspeed  method  work*  very  nicely.  At  high  speeds 
(say  M »  0.4)  where  the  altitude  excuraiona  aaaociated  with  the  stabilized- 
airapeed  method  become  larger,  oconomy  considerations  dictate  that  some  form 
of  the  acceleration-deceleration  method  be  employed.  To  ensure  that  the 
results  of  the  test  give  a  reasonable  indication  of  throttle-fixed  stability, 
the  following  procedure  should  be  used.  After  trimming  the  airplane,  reduce 
throttle  and  allow  the  airplane  to  decelerate  at  constant  altitude  to  the  low 
end  of  the  desired  speed  range,  taking  no  data.  When  the  desired  speed  is 
reached,  advance  the  throttle  to  the  trim  setting  and  hold  normal  acceleration 
as  close  to  1,0  g  as  is  possible  without  use  of  abrupt  control  movomonts. 

The  reverso  procedure  should  be  used  for  speeds  above  the  trim  speod.  Data 
should  only  he  taken  during  the  acceleration  and  deceleration  runs  where  tho 
throttle  is  at  the  trim  setting,*  For  climbing  or  descending  Flight  Phases, 
other  appropriate  throttle  settings  should  be  used;  but  the  acceleration- 
decoloration  runs  are  still  to  be  conducted  in  level  flight. 

In  testing  for  compliance  with  paragraph  3. 2. 1,1  and  3. 2. 1.1.1,  if  the 
control  gradients  obtained  for  a  number  of  trim  points  are  stable  over  the 
specified  speed  range,  relatively  few  additional  trim  points  will  be  needed. 

If  an  unstable  region  is  found  far  from  the  trim  point,  however,  the  test 
should  be  repeated  with  the  airplane  trimmed  closer  to  the  unstable  region; 
the  airplane  may  or  may  not  bo  stable  within  the  specified  speed  range  about 
the  new  trim  point. 


IVB.  FLIGHT-PATH  STABILITY 

The  climb-angle-versus-airspeed  data  used  to  demonstrate  compliance 
with  3. 2. 1.3  can  be  obtained  during  the  stabilized-airspeed  tests  for  static 
stability  at  low  airspeeds. 

By  the  nature  of  the  way  in  which  tho  climb-angle-versus-airspeed 
criterion  was  developed,  the  climb  angle  to  be  measured  is  the  climb  angle 
relative  to  the  air,  not  the  ground.  This  fact  is  mentioned  for  the  benefit 
of  flight-test  engineers  contemplr.ting  use  of  Doppler  radar  or  ground-based 
tracking  equipment  to  obtain  the  d  *a.  If  such  methods  are  used,  the  wind 
must  be  calm,  or  at  least  constant  and  accurately  measured. 

* - 

The  combined  effect  of  thrust  and  acceleration  can  be  seen  by  comparing 
acceleration  and  deceleration  data,  but  for  showing  specification  compliance 
only  the  data  for  the  trim  throttle  setting  are  pertinent. 
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Tho  most  straightforward  method  is  probably  to  uso  a  well-calibrated 
airspeod  indicator  and  an  accurate  measure  of  vertical  speed,  such  as  a  radar 
altimeter.  The  climb  angle  is  then  equal  to 

all,-1  ry°«lc.l  ,p.«l] 

[truo  airspeed  J 

Still  air  is  necessary  in  any  case,  to  minimize  data  scatter.  Because 
of  thrust  effects  it  has  been  found  necessary  to  keep  altitude  excursions 
small  (less  than  1000  ft)  to  get  an  acceptably  accurate  curve  of  flight  path 
angle  vorsus  speed.  Tho  trim  flight-path  angle  can  have  a  marked  effect  on 
the  rosults. 


IVC.  SHORT-PERIOD  RESPONSE  MEASUREMENT 

Tho  bost  flight- test  maneuver  to  measure  the  short-period  response  is 
normally  a  sharp  doublet  input  to  the  stick  (abruptly  push  the  stick,  then 
pull  the  stick  through  trim  to  a  nearly  equal  deflection  aft  of  trim,  and 
then  release  the  stick  for  tho  stick-free  data  or  return  it  to  trim  for  stick- 
fixed  data).  This  type  of  input  tends  to  excite  the  short -period  mode  very 
nicely  while  suppressing  the  phugoid  mode  (see  Reference  B98) ,  A  pull-and- 
hold  (step)  or  a  pul.l-and-return  (pulse)  input  may  work  fairly  well  for 
certain  flight  conditions,  but  the  resulting  phugoid  excitation  will  normally 
be  large  enough  to  distort  the  short-period  response. 

The  limits  on  how  fast  the  doublet  input  must  be  are  normally  fairly 
broad  and  are  readily  apparent  to  the  pilot.  If  the  input  is  coo  slow,  the 
phugoid  mode  will  be  excited,  and  the  airspeed  changes  may  become  excessive. 

If  the  input  is  too  fast,  the  airplane  may  not  respond  enough  to  produce  a 
measurable  response. 

The  best  airplane  response  for  measuring  the  short-period  natural  fre¬ 
quency  and  damping  ratio  is  a  function  of  several  theoretical  and  practical 
factors.  Airspeed,  of  course,  is  obviously  a  poor  response  to  use  because  it 
normally  exhibits  negligible  short-period  response. 

The  pitch  responses  of  the  airplane  are  attractive  for  measurement 
purposes  because  the  entire  instrumentation  package  can  be  mounted  inside  the 
airframe.  Since  rigid-body  pitch  responses  are  independent  of  the  longitudinal 
location  of  the  sensor,  the  sensor  can  be  located  so  as  to  minimize  the  effects 
of  structural  modes.  There  are  several  fundamental  problems  associated  with 
the  use  of  pitch  responses,  however.  The  first  problem  is  that  when  the 
phugoid  and  short-period  modes  are  not  well-separated  in  frequency,  it  becomes 
very  difficult  to  excite  the  short-period  mode  without  having  the  phugoid  mode 
appear  in  the  pitch  response.  This  is  primarily  a  problem  at  low  speeds,  such 
as  in  the  landing  approach,  but  can  be  of  significance  at  any  speed.  The 
phugoid  response  can  be  minimized  by  using  a  symmetrical  input  such  as  a 
doublet,  so  that  the  pitch  attitude  returns  to  its  trim  value  after  the  short- 
period  transient.  In  addition,  the  numerator  dynamics  of  the  pitch-rate 
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transfer  function  are  such  that  it  may  be  difficult  to  find  a  usable  portion  ■< 

of  the  ^  response  satisfying  the  initial  conditions  required  by  the  hand 
techniques  of  Appendix  C.  In  view  of  these  problems,  analog  matching  techniques, 
such  as  those  discussed  in  Appendix  IVD,  should  be  used  to  analyze  the  pitch 
responses. 

Normal  acceleration  response  is  relatively  easy  to  measure  because,  as 
with  the  pitch  responses,  the  sensor  can  be  mounted  inside  the  airframe. 

Normal  acceleration  is  much  less  susceptible  to  phugoid  excitation  than  is 
pitch  response.  One  difficulty,  however,  is  that  the  numerator  dynamics  of 
the  n / St  transfer  function  are  very  sensitive  to  the  longitudinal  location 
of  the  sensor,  so  that  sensor  location  must  be  chosen  carefully  to  obtain  a 
usable  time  history.  Normal -acceleration  sensors  are  very  sensitive  to 
structural  bending  modes,  and  especially  to  local  structural  vibrations. 

Since  structural  factors  are  often  the  overriding  consideration  in  selecting 
a  location  tor  a  normal-acceleration  sensor,  the  numerator  dynamics  are  likely 
to  be  such  that  analog  matching  techniques  must  be  used  to  identify 
and  p . 


Angle  of  attack  is  by  far  the  best  indicator  of  the  pure  short-period 
mode,  ani  is  therefore  the  response  specifically  mentioned  in  the  requirement 
of  3. 2. 2.1.  The  reasons  for  this  can  be  described  using  the  following  transfer 
function: 


Aoc 

~T 


fa*  +  Z  *  )  (j*  /-  u 


Generally  speaking,  (//rcc)  is  so  large  that  the +  is  not  important  in  the 
angle-of-attack  response  to  control  inputs.  In  addition,  the  second-order 
numerator  term  is  nearly  identical  to  the  phugoid  mode,  under  most  circum¬ 
stances.  Therefore,  the  transfer  function  is  quite  accurately  approximated 
by  the  following  simple  form: 

A  ct  __  ^06  / 

(sz  *■  2  XsP  u>„5f>  5  +  o>nsP  9 


In  other  words,  even  if  the  input  used  to  excite  the  short  period  disturbs  the 
phugoid  mode,  the  amount  of  phugoid  motion  appearing  in  the  angle-of-attack 
response  will  be  small  compared  to  the  amount  appearing  in  either  pitch  or 
normal-acceleration  response.  Therefore,  the  angle-of-attack  response  to 
control  inputs  most  nearly  represents  the  second-order  short-period  response 
in  its  purest  form.  If  doublet  control  inputs  are  used  to  further  minimize 
the  phugoid  excitation,  the  angle-of-attack  response  normally  yields  very 
good  values  of  and  &sp  ,  even  when  simple  hand’  techniques  are  used. 

There  are  some  practical  problems  associated  with  the  use  of  angle  of  attack, 
however.  One  problem  is  that  it  is  difficult  to  find  a  location  for  the 
sensor  where  its  indications  are  not  influenced  by  the  flow  field  around  the 
airplane.  If  the  flow  field  is  well-behaved  so  that  the  variation  of  indicated 
angle  of  attack  with  true  angle  of  attack  is  linear  however,  this  problem  is 
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of  little  consequence.  A  more  serious  problem  results  if  the  sensor  is  not 
longitudinally  located  near  the  center  of  gravity.  If  the  sensor  is  very  far 
displaced  from  the  center  of  gravity,  especially  fore  or  aft,  it  will  sense 
angle  of  attack  plus  a  significant  contribution  from  pitch  rate.  This  problem 
can  be  remedied  by  mounting  the  sensor  high  above  the  c.g.  on  a  pylon 
(  variations  have  a  smaller  effect  on  a  ) ,  or  by  cancelling  the  pitch-rate 
contribution  with  a  signal  from  a  pitch-rate  sensor  (requiring  accurate 
calibration  of  the  «  sensor). 

In  summary,  the  best  way  to  determine  SP and  is  normally  to 
analyze  the  angle-of-attack  response  to  a  doublet  control  input.  If  the 
angle-of-attack  response  of  a  particular  airplane  is  very  difficult  to  measure, 
however,  a  suitable  analog-matching  technique  can  be  used  to  obtain  and 

fg  from  the  &  ,  6  ,  or  *  responses  (see  Appendix  IVD) . 

The  parameter  »/ a  is  defined  (6.2.5)  as  the  ratio  of  normal -accelera¬ 
tion  change  to  angle-of-attack  change  with  control  deflection,  in  the  Sisady 
state  at  constant  speed.  Actually,  any  control  input  will  likely  disturb 
speed  as  well  as  angle  of  attack  and  normal  acceleration.  Typical  Bode  plots 
of  the  three-degree-of- freedom  */<%  ^/se  and  transfer  functions  are 

sketched  (Reference  B107).  * 


The  dashed  lines  give  the  short-period  approximation  derived  from  the  two- 
degree-of-freedom  equations  (with  u  suppressed)  presented  in  the  discussion 
of  3. 2.2.1.  What  is  desired  is  the  ~»/a.  ratio  of  this  two-degree-of-freedom 
approximation.  It  is  seen  that  when  the  short-period  and  phugoid  frequencies 
are  well  separated,  as  in  this  example,  n/ot.  can  be  determined  by  measuring 
\n\  and  |  ac\  while  oscillating  the  elevator  at  a  frequency  in  the  range  of 
flat  response  between  and  u>„  . 

f>  sp 

Measuring  the  steady-state  responses  to  a  step  control  input  would  lead 
to  error  because  of  speed  changes.  Generally  some  speed  change  also  occurs 
with  an  impulse  control  input  (see,  for  example,  the  reference  cited);  but  an 
even  more  fundamental  deficiency  of  impulse  elevator  inputs  is  that  the  >? 
and  «  steady-state  responses  are  zero. 

Alternatively,  *>/<*.  can  be  measured  in  the  turns  or  pull-ups  used  to 
check  maneuvering  stability  (Appendix  IVE) .  These  steady-state  techniques 
can  give  V*as  a  function  of  -n  or  to  account  for  a  nonlinear  lift  curve 
slope,  etc. 


IVD.  ANALOG  MATCHING  TECHNIQUES  FOR  SHORT- ncRIOD  DATA  REDUCTION  -  - 

To  begin  with,  there  are  two  basic  methods  for  analog  matching  airplane 
responses.  One  method  involves  working  with  the  equations  of  motion,  varying 
the  coefficients  until  a  match  is  obtained.  The  other  method  works  with  the 
transfer  functions  resulting  from  the  equations  of  motion,  varying  the  transfer 
function  parameters  until  a  match  is  obtained.  The  equations-of-motion 
approach  is  the  more  general  of  the  two,  since  no  assumptions  need  to  be 
made  concerning  the  linearity  of  the  response.  This  is  a  small  advantage, 
however,  if  a  reasonable  match  cannot  be  obtained  with  linear  equations,  the 
response  characteristics  are  probably  nonlinear  enough  that  the  parameters 
and  %  no  longer  adequately  describe  the  short-period  response.  The  equations- 
of-motion  technique  has  the  disadvantage  that  there  are  a  large  number  of 
unknown  stability  derivatives  to  vary,  and  the  choice  of  a  coefficient  to 
produce  a  desired  change  in  the  time  history  is  largely  a  trial -and-error 
process. 

The  transfer-function  approach,  on  the  other  hand,  automatically 
reduces  the  number  of  possible  unknowns  by  combining  the  stability  derivatives 
into  lumped  parameters.  By  making  assumptions  as  to  the  form  of  the  transfer- 
function  poles  and  zeros,  two  other  advantages  result.  First,  the  factored 
form  of  the  transfer  functions  facilitates  rational  selection  of  the  appro¬ 
priate  parameters  to  vary  so  as  to  effect  a  desired  change  in  the  time  history. 

Seqond,  the  factored  form  permits  the  use  of  a  priori  knowledge  to  reduce  the 
number  of  unknown  parameters.  For  example,  a  lightly  damped  phugoid  mode  could 
be  identified  from  an  airspeed  time  history,  using  the  simple  hand -measurement 
techniques  of  Appendix  C.  The  parameters  Up  and  could  then  be  introduced 
into  the  or  transfer  function  to  determine  %sp  and  ^jvoby  analog 

matching.  For  these  reasons,  only  the  factored-transfer- function  approach 
will  be  discussed  in  this  appendix. 

«  * 
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Assuming  that  the  techniques  of  Appendix  IVC  are  used  to  effectively 
suppress  the  phugoid  mode,  a  very  simple  anplog-matching  technique  can  be 
used  to  obtain  and  ^  from  a  ,  n  ,  or  8  responses.  Set  up  a  transfer 
function  of  the  following  form  on  the  analog: 

XX  H 


(  Sz.  t 

a3nsP  ' 

Picking  a  value  for  on  the  time  history  (see  Appendix  III),  apply  a  step 
input  to  the  analog  computer  at  .  Adjust  X  to  match  the  steady  state 
properly,  and  then  adjust  Zr  and  co„  until  the  response  shape  is  matched. 

If  the  above  simple  method  does  not  result  in  a  good  match,  a  more 
elaborate  method  must  be  used.  Still  using  the  assumption  that  the  phugoid 
mode  is  effectively  suppressed,  the  constant-speed  form  of  the  transfer 
functions  can  be  used: 
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(The  two  real  zeros 
sometimes  become  a 
pair  of  complex  zeros, 
depending  on  the  loca¬ 
tion  of  the  *  sensor 
and  the  point  of  control 
application. ) 


If  the  phugoid  natural  frequency  is  well  separated  from  ,  as  is  often  the 

case  at  high  speeds,  a  step  input  can  be  used  to  excite  the  airplane  and  an 
ideal  step  or  a  truncated  ramp  used  &'  analog  input.  The  entire  response 
is  then  matched,  starting  from  the  time  when  input  is  initiated.  This  tech¬ 
nique  is  discussed  in  more  detail  in  Reference  B100.  An  improvement  to  this 
method  would  be  to  feed  an  electrical  doublet  into  the  elevator  or  feel  system 
servo . 

,  _  .  ,  r“5n - 7  equal  areas 

electrical  _ |  I  / 

signal  "1/1  7 
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This  same  electrical  doublet  can  be  used  as  the  input  for  the  analog.  Notice 
that  the  exact  form  of  the  w  transfer  function  zeros  is  dependent  on  the 
location  of  the  sensor.  Also,  if  the  longitudinal  location  of  the  <* 
sensor  is  not  at  the  center  of  gravity,  the  measured  «.  response  contains  a 
contribution  from  6  , 
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Since  this  transfer  function  has  the  same  form  asT«/d^)  ,  the  analog  setup  will 
not  be  affected  by  the  «  -sensor  location.  However,  thefT^  s+/)  zero  can  be¬ 
come  quite  important  in  matching  the  time  history  if  x  is  large;  whereas  it 
has  a  very  small  influence  if  X  ■  0. 

Control  system  effects  can  often  be  included  in  the  match  by  representing 
them  with  a  pure  time  delay.  If  the  elevator  servo  dynamics  are  fast  enough, 
the  effects  of  a  slow  feel  system  can  sometimes  be  eliminated  from  the  experi¬ 
mental  time  history  by  putting  the  input  into  the  elevator  servo  electrically. 

If  neither  of  these  techniques  result  in  a  good  match,  the  control-system  poles 
and  zeros  must  be  included  in  the  analog  transfer  functions. 

Airplanes  in  the  landing  approach  will  sometimes  have  a  phugoid  fre¬ 
quency  which  approaches  .  When  this  is  the  case,  it  is  very  difficult  to 
suppress  the  phugoid  mode  By  proper  shaping  of  the  control  input,  and  the 
constant- speed  forms  of  the  transfer  functions  can  no  longer  be  used.  The 
complete  transfer  function  forms  must  then  be  used.  Ignoring  sensor  and 
recording  system  dynamics  and  gains,  and  control  system  dynamics,  these  transfer 
functions  are  of  the  following  form: 


*■«** 


If  both  the  phugoid  and  control  system  modes  must  be  considered,  the 
situation  becomes  even  more  complex.  For  this  reason,  it  is  worth  considerable 
effort  to  obtain  responses  which  are  free  of  phugoid  response  and  hopefully 
not  badly  contaminated  by  control  system  modes,  even  if  an  automatic  input 
device  must  be  used. 


IVE.  CONTROL  FORCES  AND  MOTIONS  IN  PULLUPS  AND  STEADY  TURNS 

There  are  several  methods  for  obtaining  the  control  force  and  control 
motion  data  required  for  3. 2, 2. 2,  3. 2. 2. 2.1,  and  3. 2. 2. 2. 2.  The  best  method 
to  use  depends  primarily  on  the  speed  range  under  consideration.  A  major 
factor  in  determining  the  appropriate  method  for  a  given  speed  range  is  that 
control  gradients  with  *  are  for  constant  speed,  by  definition.  The  method 
selected  must  therefore  result  in  zero  or  small  speed  changes  with  ,  or 
at  least  include  a  means  for  eliminating  the  effects  of  any  speed  changes. 

At  speeds  where  characteristics  vary  significantly  with  Mach  number,  "speed" 
should  be  interpreted  as  "Mach  No." 

One  method  is  to  use  a  series  of  alternating  symmetric  pullups  and 
pushovers,  sequenced  so  as  to  minimize  the  airspeed  and  altitude  changes. 

V  The  control  is  held  fixed  after  each  input  until  the  short-period  motion 

becomes  steady  state,  and  measurements  are  taken  from  the  steady-state  values 
at  a  near-level  attitude.  An  alternate  version  of  this  method  is  to  stabilize 
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the  airplane  holding  variou*  amounts  of  out-of-trim  control  force,  ami 
suddenly  releasing  the  control. 

Another  mothod  is  to  perform  a  aerie*  of  atahllised  turns  after 
trimming  the  airplane  In  level  flight.  Tt»«  load  factor  can  he  changed  by 
changing  the  bank  angle,  and  the  airspeed  hold  constant  by  using  a  different 
rate  of  descent  for  eac.  i  md  factor.  The  throttle  and  trimmer  settings 
should  be  left  at  their  trim  settings  throughout  the  maneuver  to  minimis  the 
possibility  of  introducing  extraneous  pitching  moments.  The  gradients 
obtained  in  this  manner  will  not  be  quite  as  ltnear  as  with  the  symmetric 
pullup  mothod;  but,  with  the  possible  exception  of  a  more  stable  slope  near 
1  g  in  the  turns,  the  differences  are  generally  small  enough  to  he  within  the 
measurement  errors. 

A  third  method  that  is  sometimes  used  involves  a  windup  turn.  After 
trimming  in  level  flight,  a  turn  of  a  certain  number  of  g's  is  initiated,  and 
the  speed  is  allowod  to  decrease  slowly  as  the  g-levol  and  altitude  are  held 
constant.  Tl.c  test  is  then  repeated  at  several  other  g-levels  until  the 
comp’eto  range  is  covered.  In  this  way,  control  gradient  data  can  he  obtained 
rapidly  for  several  speeds.  Again,  the  trimmer  and  throttle  should  he  left 
at  the  trim  settings  and  the  rate  of  change  of  airspeed  controlled  by  changing 
the  rote  of  descent.  The  major  disadvantage  of  this  method  is  that  it  is 
less  accurate  because  more  careful  pilot  technique  is  required. 

In  general,  the  symmetric  pullup  method  will  work  well  at  high  speeds, 
but  the  airspeed  changes  will  be  excessive  if  the  method  is  usod  at  low  speeds. 
On  the  other  hand,  the  turn  methods  work  well  ut  low  speods,  but  cun  cause 
excessive  altitude  changes  at  high  speods.  Also,  it  is  impossible  to  obtain 
data  for  **  less  than  1.0  using  turn  methods.  Notice  that  n  /«  can  be 
obtained  from  these  tests  for  use  on  Figures  1  and  2  of  Reference  A1 .  The 
doc  readings  must  be  corrected  for  sensor  position  and  local  flow  angularity 
(see  Appendix  IVC). 


IVF,  TRANSIENT  CONTROL  FORCES  AND  CONTROL  SYSTEM  DYNAMICS 

To  obtain  data  for  3. 2. 2, 3.1,  3.5.3,  and  3. 5. 3, I,  it  will  be  necessary 
for  the  pilot  to  pump  the  stick  sinusoidally  at  various  frequencies.  Several 
techniques  have  been  employed  to  aid  the  pilot  in  this  task.  One  metlod  is 
described  in  Reference  D6,  where  the  pilot  visually  follows  an  oscilluting 
spot  on  the  instrument  panel.  In  other  studies,  oscillating  aural  tones  have 
been  fed  to  the  pilot  through  earphones. 

If  the  frequencies  desired  are  not  too  high  or  too  low,  pilots  can  do 
an  amazingly  good  job  of  moving  the  stick  sinusoidally  with  no  aids  whatsoever. 
In  addition,  if  the  damping  ratio  is  not  too  high,  the  pilot  can  find  the 
resonant  dip  in  the  *  versus  frequency  curve  fairly  accurately,  by 
pumping  at  the  frequency  which  gives  the  most  airplane  response  for  Che  least 
effort. 
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MIIA.HURIMItNT  TKCIMIQUMM  AND  DISCUSSION  Of* 
Si\l,(K:rtiD  I.ATIIHAI,  -  D 1 RMCT IONAI.  I*  A  RAN  Ill'll  R  8 


VA.  SIMM.  IN  HI)  ROM.  RHSRONSI1  It)  MIDI)  OUSTS 

tlie  material  here  in  extracted  from  Reference  A5,  Note  that  only  aide 
gnat*  ere  con* 1 dared,  end  that  theee  appear  in  the  equation*  of  notion  in  * 
simpler  form  then  that  required  hy  paragraph  3,7  of  Reference  A),  Neverthele** , 
it  i*  hoped  that  thU  expo* it  ion  may  aid  in  underatanding  aome  of  the  phenomena 
mentioned  in  paragraph  3, 3. 3,1,  lateral-directional  reaponae  to  atmoapherlc 
dlaturhanco*.  and  of  the  coupled*  roi'l-apiral  mode.  Reaponae  to  turbulence 
haa  been  Found  an  especially  important  factor  in  pilot* 1  rating*  of  high- 
I  configuration*,  which  would  he  expected  to  reapond  more  to  aide  guata 

than  to  roll  guata.  In  any  case,  3.7  apecifiea  that  tne  aide  and  roll  guata 
uaed  in  analyaia  ahould  he  uncorrelated. 

In  the  flight  program  of  Reference  F$,  there  were  frequent  reference* 
in  the  pilot  comment  data  to  the  aircraft  reaponae  to  turbulence  or  diaturb- 
aneeu,  Hie  major  complaint  voiced  was  the  large  roll  reaponae  for  aldeallp 
disturbance#  experienced  for  aome  configuration*.  In  Reference  F5,  transient 
reaponae*  to  disturbance*  were  generated  a*  indicated  below  to  obtain  a 
measure  of  the  auscoptibillty  of  a  configuration  to  turbulence. 

The  Input  disturbance  used  was  equivalent  to  a  gust  ulong  the  aircraft 

y  axis. 


liquation  A- 1  from  Appendix  A  of  Reference  F5  is  shown  below  for  the 
controls  fixed,  that  is,  no  pilot  input: 
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The  assumption  that  the  air  mass  is  nonaccc lerating,  that  is,  the  air  mass  is 
a  satisfactory  inertial  reference,  is  implicit  in  the  equation.  When  the  air 
mass  is  allowed  to  have  motion  along  the  aircraft  y  axis,  this  must  be 
accounted  for  and  the  equation  can  be  written  as  the  following  set: 


("*  +  n'a  *)<** 
(l'a  *  LA  s)#a 
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fa  -  I h«»  aerodynamic  Aldealtp  angle  of  « Imea  the  velocity  of  the 

aircraft  with  reaped  to  the  wit'  imutn  along  the  y  a*l», 
in  the  aided  Ip  Angle  dUplayed  to  the  pilot.) 

fa  -  the  a  i  «le  a  I  ip  guAt  or  y  timea  the  velocity  of  the  Air  maa  a 

with  reaped  to  the  earth  Along  the  negntive  y  a«1«,  (A  poAitive 
Aj  diaturbance  giv«A  a  poiltive  fa  indication  to  the  pilot,) 

The  Aet  of  eqviAtlonA  cao  he  replaced  hy  the  following  equation  where  fa 
Appear a  a a  an  input, 
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Th 1  a  equation  wam  aolved  on  a  digital  computer  for  the  Aide  gust  input 
Ahown  below  to  generate  the  guAt  reaponae  preaentnd  In  deference  1*5.  It  Ahould 
he  noted  that  the  aidealip  Angle  1a  the  aame  angle  that  would  be  sensed  hy 
a  Aides  lip  vane  for  dlaplay  to  the  pilot. 


The  trunsfer  function  for  bank  angle  response  to  a  fa  input,  determined 
from  Equation  3,  is  shown  below. 
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The  spiral-mode  root,  f/  ?s  ,  was  essentially  zero  for  Parts  I  and  II 
configurations  in,  th?  experiment  described  in  Reference  F5,  which  means  that 
the  term/V*.  fa-fa  was  also  near  zero.  fa  was  also  zero,  and  A#  was 
large  compared  to  lr  *A  ^or  these  configurations.  For  these  conditions,  the 
transfer  function  becomes: 
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(5) 
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or 


Prom  the  transfer  function  of  liquation  S  it  can  be  noon  that  tho  bank- 
angle  response  at  high  frequency  ia  /ji/.f4,  With  this  obaervation  ami  the 
values  of  t/t  ,  and  for  tho  varioua  configuration*  of  Part*  I  and  11 
of  Reference  H5,  akotchoa  of  tbo  p/f .amplitude  ratio  can  bo  mado  in  log-log 
form, 


From  tboao  akotchoa  it  ia  aeon  that  the  roaponao  at  all  frequencies  ia 
proportional  to  tbo  value  of  .  The  roaponao  at  low  frequency  ia  invoraoly 
related  to  tho  Dutch  roll  frequency,  ,  and  to  tho  roll  inverae  time  constant, 
f/)f  ,  The  Dutch  roll  damping  ratio  determines  tho  amplification  of  tho  Dutch 
roll  frequency, 

The  bank-angle  frequency  response  to  a  random  sideslip  disturbance 
would,  of  course,  be  dependent  on  the  power  spectral  density  of  the  random 
disturbance  as  well  as  the  airplane  transfer  function.  Wo  will  assume  a 
high-bandwidth  gust  spectrum, 

To  minimize  the  response  to  sideslip  disturbances, \^Jt\  should  bo  small, 
♦v*^  should  be  high,  and  and  t/r^  should  bo  high.  Whon  tho  Dutch  roll 
dumping  is  low,  tho  bank  angle  rosponse  at  tho  Dutch  roll  frequency  will  bo 
dominant;  in  this  case,  the  magnitude  of  the  bank  angle  to  sideslip  ratio 
in  the  Dutch  roll  mode,  \ft/A\^  ,  is  a  good  indicator  of  the  responso. 

For  a  low- frequency  roll -spiral  modo,  which  was  encountered  with  some 
of  the  Purt  III  configurations  in  Reference  F5,  ^  was  still  quite 

small.  Neglecting  the  ^  and  terms,  the  transfer  function  now 

becomes : 

*  ^ _ _______ _ -  l'a  *  _ _ _ 

^  (s*+  %s  5  +  <*>**')(*'+  i5d  h  5+  v;  (7) 


With  the  assumption  that  the  roll-spiral  mode  is  approximately  cancelled 
by  the  J*  term  in  the  numerator,  this  reduces  to: 


<p  ~lA _ 

~fi~  ~  I1  *  Ztd  a>vS+  fcjj-* 


1 


-t- 


S  +  t 


(8) 


When  the  roll-spiral  frequency  is  not  low  enough  to  neglect  the 
(L'r  M‘a-  L‘a  Nf')  term,  Equation  4  can  be  approximated  as  shown  in  Equation  9. 
v  The  assumption  is  still  made  that  i ^  and  i-‘r  H‘B  can  be  neglected. 
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|^ffj  FREQUENCY-RESPONSE  ASYMPTOTES,  WITH  EFFECT 
OF  LIGHT  DUTCH  ROLL  DAMPING  INDICATED 


“  S  I  l  A  S 


The  constant  term  in  the  denominator  can  be  expressed  as  follows: 

,  When  this  substitution  is  made  in  the  numerator 

liquation  9  becomes 


jf_a  _  _ -*WJ»  ,/ril _ 

*G  ( J'r~i  !„  "«  *  '  (j1  1  ->  •*  £  J  "»*) 


where 


^  (Tj  s+t) 


9  T± 

i  ^ 


T  w 


The  following  sketch  illustrates  the  bank  angle  response  to  sideslip 
disturbances  for  the  configurations  in  Part  III  of  Reference  F5  which  had  very 
low  roll  damping. 


From  Equations  8  and  10  together  with  the  above  sketches,  it  is  seen 
that  the  response  at  all  frequencies  is  again  proportional  to  the  value  of 
.  ^Also  the  response  at  low  frequency  is  inversely  proportional  to 
and  ‘•’u  .  The  Dutch  roll  damping  ratio  again  determines  the  amplification 
at  the  Dutch  roll  frequency. 

'die  same  conclusions  apply  as  for  the  Parts  I  and  II  configurations; 
that  is,  to  minimize  roll  response  to  side  gusts,  |^|  should  be  small, 
the  Dutch  roll  frequency  should  be  large  and  the  Dutch  roll  and  roll  damping 
ratios  should  be  large. 
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VB.  MEASUREMENT  OF  LATERAL-DIRECTIONAL  DYNAMIC  PARAMETERS  - 

TIME  HISTORY  ANALYSIS  TECHNIQUES 


1 .  INTRODUCTION 


The  roll  rate  response  to  a  step  aileron  input  is  usually  made  up  of 
three  distinct  modes:  the  roll  mode,  the  spiral  mode,  and  the  Dutch  roll  mode. 
If  linearity  is  assumed,  the  principle  of  superposition  applies.  Then  any 
point  on  the  roll  rate  trace  at  any  given  time  must  be  the  sum  of  these  three 
modes  at  that  time.  Therefore,  if  the  three  modes  can  be  identified  on  the 
roll  rate  trace,  it  is  possible  to  extract  the  roll  mode  time  constant,  . 


The  -Jr  response  function  for  a  step  input  can  be  written  as 

CU 


/>(*), 


4 


ST  CP 


K  fS  *+  2  £4  6)4  S  t  cJj*) 

+  +  *>*4  s+uj, 


Transforming  to  the  time  domain,  the  roll  rate  time  history  following  a  step 
aileron  input  is  given  by: 


*s  e 


e  r«  +•  Kd  c  d 


t 

cos 


[*\  *  +  *>] 


For  a  normal  airplane,  the  characteristic  modes  take  on  the  following 
forms  following  a  step  aileron  input: 


The  roll  mode,  characterized  by  the  first-order  time  constant,  \ 


\. 
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The  spiral 
may  be  convergent 


mode,  characterized  by  the  first-order  time  constant,  which 
or  divergent: 


e 


The  Dutch  roll  mode  characterized  by  the  second  order  parameters 
and  and  the  phase  angle  .  (The  sketch  below  illustrates  a  negative 

phase  angle.)  ^ 


The  individual  responses  are  summed  as  sketched  on  the  next  page,  to  show  the 
Dutch  roll,  roll,  and  spiral  mode  components  of  a  roll  rate  time  history 
following  a  step  aileron  input.  Note,  for  this  divergent -spiral  case,  that 
the  composite  peaks  are  displaced  to  the  right,  and  valleys  to  the  left,  from 
those  of  the  Dutch- roll-component  trace. 

The  problem,  however,  is  to  analyze,  not  synthesize.  Two  methods  of 
extracting  the  lateral-directional  modes  from  a  roll  rate  time  history  are 
graphical  and  analog  matching.  A  graphical  technique  is  presented  in 
Section  2,  and  an  analog-matching  f-?chnique  extracted  from  Reference  B101  is 
presented  in  Section  3  of  this  appei  lx. 

The  roll-sideslip  coupling  requirements  limit  f>osc/ and  A as 
functions  of  ,  the  sideslip-response  parameter  that  corresponds  to  ^  in 
the  roll  response.  Measurement  of  7^  may  be  difficult  in  two  circumstances: 

•  When  <s«y  *  and  ^  *  £  ,  there  will  be  little  Dutch-roll 
response  to  measure  in  the  aileron -response  time  histories 
but  then  one  would  expect  that  the  response  would  meet  the 
requirements  at  the  most  critical  value  of  ,  so  there 
should  be  no  problem.  ** 


•  When  large-amplitude  step  commands  are  used,  nonlinearities 
such  as  the  variation  of  side  force  with  cos  p  may  obscure 
the  phase  relationships.  Stability-augmentation  non- 
linearities  can  cause  similar  uncertainties.  The  require¬ 
ments  in.  large-amplitude  rolls,  3. 3. 2.2  and  3. 3. 2. 4,  are 
intended  to  cover  such  situations. 


2.  GRAPHICAL  TECHNIQUE  FOR  DETERMINING  LATERAL-DIRECTIONAL 

MODAL  PARAMETERS 

In  practice,  this  method  assumes  linearity,  conventional  modal  charac¬ 
teristics,  wide  separation  of  the  roll  and  spiral  modes,  light  Dutch  roll 
damping  and  an  abrupt  aileron  input.  However,  good  results  have  been  obtained 
for  conventional  airplane^  when  the  roll  and  spiral  mode  characteristics  were 
in  the  ranges  required  by  Reference  A1  and  the  Dutch  roll  damping  ratio  was 
not  greater  than  approximately  0.3. 

Figure  1  shows  the  -p  trace  resulting  from  a  ^  step  for  an  aircraft 
with  a  short  roll  time  constant,  a  lightly  damped  Dutch  roll,  and  a  highly 
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divergent  spiral  mode.  Under  the  assumption  that  the  roll  mode  is  fast-acting, 
its  influence  is  small  after  the  first  few  seconds,  and  the  remainder  of  the 
response  is  essentially  made  up  of  only  the  spiral  and  the  Dutch  roll  modes. 

(A  first-order  modal  response  reaches  95%  of  its  final  value  in  3^  ,  and 


typically 
is  small: 


"2^  is  of  the  order  of  1  second.)  So  after  the  roll  mode  contribution 


=  *s  e 


+  Ka  e 


_  t  (j 


t  r 
CO  s  (UJ-nc 


To  obtain  the  spiral-mode  contribution,  the  maximum  and  minimum  points  of  the 
response  from  about  two  seconds  and  on  are  plotted  on  semi log  paper  as  in 
Figure  2.  Strictly  speaking,  the  points  of  tangency  of  the  Dutch  roll 
envelope  to  the  total  response  should  be  taken;  however,  using  the  actual 
peaks  is  well  within  the  accuracy  limits  of  the  method.  The  first  maximum 
and  the  first  minimum  are  ignored  because  the  roll  mode  is  making  a  significant 


contribution  during  the  initial  part  of  the  response.  A  smooth  curve  is  drawn 

through  the  upper  peaks  and  another  one  through  the  lower  peaks.  The  upper 

-  *  -  */?  -  * 
curve  is  given  by  A '  e.  ■*  *  the  lower  curve  by  a'  e  s  e  *  Vai  , 


The  curves  define  the  envelope  of  the  spiral  and  Dutch  roll  components.  The 
numerical  average  between  the  two  boundaries  defines  the  spiral  component, 
which  must  be  a  straight  line  on  the  semilog  paper.  The  intersection  at  zero 
time  is  the  spiral  mode  residue,  .  The  slope  of  this  line  may  be  checked 
if  the  spiral  characteristics  are  known  from  another  source:  for  example, 
another  flight  test;  then,  if  necessary,  the  curves  can  be  adjusted  accordingly 
by  eye.  The  time  for  the  spiral  to  double  amplitude,  (for  the  divergent 
spiral),  or  the  time  to  half  amplitude,  (for  the  convergent  spiral),  can 
be  calculated  and  the  corresponding  slope  plotted  on  the  semilog  paper  for 
comparison  with  the  previously  determined  slope.  To  determine  the  spiral¬ 
mode  time  constant  from  the  plot,  calculate 

4 1 


The  conversion  between  the  time  constant  and  the  time  to  double  or  half  ampli¬ 
tude  is 


Where  there  are  a  minimum  number  of  usable  peaks  (two  maxim’’..»s  and 

one  minimum,  or  two  minimums  and  one  maximum)  after  the  effect  of  the  roll 

mode  is  small,  the  spiral  component  may  still  be  extracted  if  the  spiral 
characteristics  are  known.  As  before,  the  peaks  are  plotted  on  semi log  paper 
and  the  best  numerical  average  is  selected.  This  value  may  be  no  more  than 

one  point  of  the  spiral.  Through  this  point  or  points,  a  line  is  drawn  with 

a  slope  based  on  the  known  spiral  characteristics.  This  line  should  define 
the  spiral  contribution  to  the  roll  response  under  investigation. 


The  next  step  is  to  plot  the  spiral  component  on  linear  graph  paper 
and  grapnically  subtract  it  from  the  roll  rate  response  time  history.  The 
difference  between  the  two  curves  will  contain  only  the  Dutch  roll  and  roll 
mode  components.  All  three  curves  (the  original  response,  the  spiral  component 
and  the  difference  between  the  two)  are  shown  in  Figure  3.  Since  we  are  only 
interested  in  the  peaks  of  the  Dutch  roll  component  (as  will  be  discussed  in 


648 


the  following  paragraph)  and  the  initial  roll  response,  it  Is  only  necessary 
to  subtract  th*s  spiral  component  In  the  vicinity  of  t ho  peaks  ami  during  the 
first  second  or  so  of  the  response,  For  completeness  and  clurlty  of  presen¬ 
tation,  however,  the  entire  curve  is  shown. 

To  determine  the  Dutch  roll  envelope  from  the  combined  curve  of  Dutch 
roll  end  roil  modes,  the  magnitudes  of  the  later  peaks  (which  occur  aftor 
the  time  when  the  roll  mode  contribution  is  considered  to  be  small)  are 
plotted  on  semilog  paper  versus  time.  The  data,  as  shown  in  Figure  4,  will 
define  an  approximate  Dutch  roll  envelope.  If  the  Dutch  roll  damning  ratio  is 
known  from  another  source,  this  step  can  be  eliminated  or  the  equivalent  slope 
can  be  checked  with  the  average  slope  obtained  graphically.  Ail  this  enables 
the  best  slope  to  be  determined. 

The  approximate  envelope  Is  not  precisely  the  Dutch  roll  envelope 
because  the  Dutch  roll  envelope  does  not  touch  the  peaks,  but  rather  touches 
the  tangent  points  to  the  right  of  the  peaks  for  the  convergent  oscillation. 
The  displacement  in  degrees  is  equal  to  sin-1  $  ,  litis  angle  can  bo  converted 
to  time  by  the  following  equation; 

rd 

where  is  the  period  of  the  damped  Dutch  roll  oscillation.  For  low  damping 
ratios  and  short  periods  the  displacement  is  small. 

Next,  the  envelope  is  transferred  from  Figure  4  and  drawn  through  the 
roll  mode  plus  Dutch  roll  trace  of  Figure  3,  This  is  shown  with  an  enlarged 
scale  in  Figure  5.  Since  the  roll  mode  contribution  is  insignificant  after 
about  two  seconds  for  this  example,  the  curve  beyond  this  time  defines  tho 
Dutch  roll  component  alone.  From  this  information,  tho  period  of  tho  oscil¬ 
lation  can  be  found  and  the  initial  part  of  the  Dutch  roll  component  can  be 
drawn  between  the  envelopes  previously  determined:  locate  the  peaks  and  zero 
crossings  of  the  undistorted  Dutch  roll  oscillation  on  the  time  line  and  fair 
in  the  best  damped  sinusoid.  Finally,  the  Dutch  roll  component  for  the  first 
second  or  so  is  subtracted  graphically  from  the  Dutch  roll  plus  roll  modo 
trace,  isolating  the  roll  mode  component  ns  is  shown  in  Figure  S. 

An  alternate  method  may  be  used  to  determine  the  initial  Dutch  roll 
component  after  the  Dutch  roll  envelope  has  boon  obtained  from  Figuro  4.  This 
method  is  generally  more  accurate,  since  tho  determination  of  the  initial  part 
of  the  sinusoid  is  not  dependent  on  the  skill  of  fairing-in  a  damped  oscilla¬ 
tion.  Instead,  the  magnitude  of  the  Dutch  roll  component  at  any  time  is 
precisely  determined  from  polar  coordinate  graph  paper.  First,  a  well-defined 
tangent  point  or  zero  crossing  outside  the  influence  of  the  roll  mode  is 
locatod.  In  the  example,  the  tangent  point  at  2.45  seconds  is  selected. 

Since  the  damped  Dutch  roll  period,  ,  is  2,10  seconds,  the  next  tangent 
point  is  at  .35  second,  one  period  earlier.  These  tangent  points,  as  deter¬ 
mined  from  Figure  3  or  5,  are  plotted  on  the  360-degree  radial  in  Figure  6. 

The  phase  angle,  ,  is  calculated  in  this  example  by  dividing  the  time  at 
the  first  tangent  point  by  tho  period  and  multiplying  it  by  360  degrees.  A 
line  drawn  from  the  center  along  an  angle  of  this  magnitude  to  the  left  of  the 
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360-degree  line  corresponds  to  zero  time,  as  shown  in  Figure  6.  Angles 
corresponding  to  fractions  of  a  second  can  be  located  on  the  polar  paper 
by  converting  them  in  a  similar  manner.  The  radial  magnitude  at  tny  time 
is  simply  the. magnitude  of  tho  Dutch  roll  envelope  at  that  time.  Points 
from  the  envelope  in  Figure  5  are  plotted  for  every  30  or  40  degrees  in 
Figure  6,  and  a  curve  is  faired  through  the  points  to  define  the  Dutch  roll 
envelope  on  the  polar  paper.  The  Dutch  roll  contribution  at  any  time  is 
simply  the  vertical  projection  of  the  Dutch  roll  envelope  at  that  time.  To 
determine  this  from  Figure  6,  a  horizontal  line  is  drawn  from  the  intersection 
of  the  time  radial  and  the  Dutch  roll  envelope.  This  projection  on  the 
vertical  scale  represents  the  magnitude  of  the  Dutch  roll  at  that  instant. 

As  before,  when  this  value  is  subtracted  from  the  Dutch-roll-plus-roll-mode 
curve  (Figure  5),  the  roll-mode  component  is  obtained.  The  result  should 
plot  as  the  "roll  mode  only”  trace  of  Figure  S. 

Since  the  roll  mode  time  constant  is  the  time  for  the  roll  response  to 
settle  to  e  '^,  0.368  is  computed  and  a  horizontal  line  is  drawn  at  that 
value  of  f  in  Figure  5.  The  intersection  with  the  roll  mode  response  gives 
the  modal  time  constant.  Another  way  to  extract  the  time  constant  is  to  plot 
the  roll  mode  values  on  semilog  paper  versus  time,  as  in  Figure  7,  The 

result  should  be  a  straight  lino,  and  the  intersection  at  zero  time  is  . 

The  time  constant  is  the  time  corresponding  to  the  intersection  of  a  horizontal 
line  drawn  at  0.368  .  Another  way  to  obtain  the  time  constant  is  to  use 

the  increment  in  time  and  the  natural  logarithm  of  the  amplitude  ratio  as 

shown : 


Although  a  total  of  seven  figures  was  used  in  the  explanation  of  the 
graphical  method,  not  all  of  these  graphs  are  necessary  to  extract  the  roll 
mode.  As  a  minimum.  Figures  1,  2,  4,  6,  and  either  7  or  the  roll  mode  trace, 
alone,  of  Figure  5,  are  necessary  to  completely  determine  the  time  constant. 


) 
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F igure 


3.  ANALOG- MATCHING  TECHNIQUE  FOR  DETERMINING  LATERAL-DIRECTIONAL  MODAL 
PARAMETERS 

General 

A  method  has  been  developed  which  allows  the  direct  matching  of  flight 
test  records  with  the  output  of  an  analog  computer. 

An  analog  computer  program  was  developed  that  allows  the  matching  of 
the  01  transfer- function  factors  by  adjusting  the  analog 

time  Ristory  to^match  a  corresponding  record  obtained  in  flight. 

The  ■§■  transfer  function  in  terms  of  mode  characteristics  can  be 
written  as  foflows : 

a.  _  ^  a£l 

~  (S+  t)(s+  £•)(***  ZKt**j**  ***) 


(The  numerator  may, 

which  can  be  written  as(C? 


,  instead,  have  the  form  x r)( 4r  )  , 


The  —  transfer  function  can  be  written  as: 

d*  ... 


_r_  _  *r(s  +  lCr)  (S'*2'*r«JrS  +  ‘Jt*) 


(f-t  —  J 

\($+  ) 

1  Ti J 

The  — -  transfer  function  can  be  written  as: 

6a. 


P  _  VjS+uJf)  _ 


The  — —  transfer  function  can  be  written  as: 

da. 


<f> _ (5  1  *  2^0  S  +  OO0  *■ ) 

(s  £)(**£)(*** 2  Cc^d  ) 

The  only  difference  in  form  between  the  // <fa  and  the  /*/<£  transfer 
function  is  the  term  (s  v  —■)  which  has  been  replaced  by  1  and,  of  course,  the 
substitution  of  /,  and  uif  for  £  and  aj.  . 

r  r  A*  & 

The  only  difference  in  form  between  the  and  the  transfer 
function  is  the  tenuity  -p-J  which  has  been  replaced  by  s  and, *of  course,  the 
substitution  of  Jy  and  co*  for  %  and  . 


Figure  8  is  a  general  composite  analog  computer  diagram  from  which 
each  of  the  transfer  functions  can  easily  be  set  up.  The  diagram  is  presented 
without  scale  factors. 


For  the  -4~  transfer  function,  use  the  diagiam  as  shown  where: 


rx  "  %  ’  $  £  ’  **  - 


For  the  —  transfer  function,  use  the  diagram  as  shown  where: 

°a. 


t  *  21  ,  t  -  ** 

y  r  »  >  r  •  , 


Jr  r 


•P  / 

For  the  transfer  function,  set  pot  3  or  =0  and  use: 

c* 

x  ft  »  x  “y 

For  the  transfer  function,  set  pot  3  or  =  1  and  remove 

line  A  where  * 

Kr  "  '» 


The  value  of  ^  determines  the  scaling  of  the  final  trace  and  will 
have  to  be  varied  any  time  a  change  in  denominator  characteristics  is  made  to 
keep  the  amplitude  of  the  trace  constant  for  a  fixed  <4  input  determined  by 
.  Although  a  step  input  generally  has  been  used,  the  form  of  <4  can  be 
made  to  match  that  of  the  flight  record. 

Analog  Computer  Matching  Technique 

_  The  technique  discussed  here  will  be  more  directly  applicable  to  the 
transfer  function  for  a  <&.  step  input,  since  more  experience  has  been 
gained  in  this  particular  area.  However,  the  general  technique  should  be 
applicable  to  the  other  three  transfer  functions. 

The  denominator  characteristics  ^  and  can  best  be  determined 

from  another  record,  a  rudder  doublet  record.  These  are  relatively  easy  to 
measure  and  can  be  obtained  with  considerable  accuracy.  The  damped  Dutch  roll 
frequency  can  be  obtained  by  direct  measurement,  as  described  in  Appendix  III. 
The  fi  trace  is  usually  used  since  it  is  relatively  free  from  the  effects 
of  the  spiral  mode  and  roll  mode.  Once  **>■, „ ^  and  have  been  obtained,  the 
Dutch  roll  can  be  plotted  in  the  s  plane: 
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X  (s')  ^  ~  Ky  Kj  ^3*  t  £  3  +  6t)  jf 

f«(3}'  (s+^JCs*  Kr*  Y  a  *  +  2  £“*7h  ~  5 + o)n “  t) 


Figure  8  (APPENDIX  VB) 

GENERAL  COMPOSITE  ANALOG  COMPUTER  DIAGRAM 


The  sketch  shows  the  relationships  that  exist  in  the  s  plane  between 
and  A  line  of  constant  radius  about  the  origin  is  a  line  of  constant 

,  while  a  straight  line  drawn  through  the  origin  is  a  line  of  constant  ^  . 
A  quick  determinatibn  of  tj  can  be  made  by  drawing  a  curve  of  radius  one  about 
the  origin,  and  reading  the  value  of  ^  directly  as  the  horizontal  displace¬ 
ment  along  the  abscissa  of  the  intersection  of  the  line  through  the  pole  or 
zero  and  the  curve  of  radius  one. 

In  the  analog-matching  procedure,  the  response  to  be  matched  (example 
shown  in  the  next  sketch)  is  displayed  on  the  analog  computer  output  devize, 
for  example,  an  x-y  plotter  or  an  oscilloscope,  with  the  x-coordinate  driven 
proportional  to  time. 
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Next,  set  co  ncL  and  ^  on  the  computer  to  the  values  of  and 

previously  determined  for  the  response.  Also  set  ay  =  and  This 

allows  a  first  guess  at  2y  and  possibly  ,  depending  on  how  much  oscillation 
or  Dutch  roll  appears  on  the  trace  to  be  matched.  The  resulting  analog  trace 
will  not  have  any  Dutch  roll.  The  value  of  2*  should  be  adjusted  to  closely 
approximate  the  initial  slope  of  the  curve  to  be  matched.  It  may  also  be 
possible  to  get  some  indication  of  ts  at  this  time  from  the  general  slope  of 
the  latter  portion  of  the  curve  to  be  matched.  With  and  £^3  ,  the 

numerator  zero  will  lie  directly  on  the  Dutch  roll  pole,  and  the  dashed  curve 
sketched  will  result  when  and  are  adjusted  to  their  first  approximations. 
The  corresponding  s-plane  plot  is  shown  alongside. 


In  the  example  shown,  the  spiral  root  is  stable;  however,  this  is  not  a 
necessary  condition  for  a  good  match.  It  could  just  as  well  have  been  unstable; 
then  the  f  trace  would  have  had  a  slight  upward  trend.  It  is  usually  not 
necessary  to  put  the  roll-mode  or  spiral-moue  poles  on  the  s-plane  plot,  since 
they  normally  will  not  move  very  much  during  the  matching  procedure. 

The  next  step  is  to  displace  the  zero  along  the  line  of  constant  % 
toward  or  away  from  the  origin.  After  a  little  experience,  it  will  become 
obvious  which  displacement  will  give  convergence.  However,  if  the  improper 
choice  is  made,  the  trace  will  be  close  to  180  degrees  out  of  phase  and  this 
will  be  picked  up  in  the  next  step.  As  a  quick  guide  for  the  /S  trace: 
normally,  for  a  zero  below  the  pole,  the  time  history  will  exhibit  a  character 
similar  to  the  one  shown  immediately  below,  in  which  the  Dutch  roll  oscillation 
will  appear  to  shorten  the  roll  mode  time  constant. 


-  >. 

i 
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When  the  zero  uppeurs  above  the  pole,  the  Dutch  coll  phase  is  shifted  close  to 
180  degrees  and  will  soem  to  lengthen  the  roll  mode  time  constant.  It  will 
seem  to  have  a  delayed  effect  on  the  p  trace,  as  shown  next.  Those  character 
i'tics  uro  shown  in  more  detail  in  Figure  2  of  the  discussion  of  J.J.d, 2. 


The  amplitude  of  the  Dutch  roll  motion  is  a  function  of  the  distance 
the  numerator  zero  is  displaced  from  the  pole.  To  continue  with  the  oxamplc 
it  will  be  assumed  that  the  zero  was  displaced  toward  the  origin  and  has 
reached  the  position  where  the  amplitude  of  the  Dutch  roll  closely  approxi¬ 
mates  that  of  the  trace  to  be  matched.  The  result  will  be  as  shown  noxt: 


Hie  curve  that  result*  will  have  the  a  am*  amplitude  of  oscillation  »*t 
Pinch  mil,  hut  it  will  probably  nut  he  in  phase  with  the  trace  in  he  matched, 
The  next  step  lx  to  vary  ^  attain  to  net  the  initial  slope  of  the  trace 
matched  an  ctoaely  a*  possible  (little  ia  to  he  named  hy  varying  t,  at 
this  point ) : 


1.0 


* 

1.0 


0 


What  ia  now  Known  la  that  the  xero  ilea  near  a  circle  around  the  pole, 
with  a  radiua  that  waa  determined  hy  the  diaplacement  neceaiary  to  make  the 
hutch  roll  amplitudea  equal. 

The  next  step  la  to  get  the  two  tracea  in  phase,  This  ia  accomplished 
as  follows:  Since  the  sero  lies  near  the  circle  shown  around  the  Dutch  roll 
pole,  and  since  the  contributions  to  the  phase  angle  of  the  slignt  movements 
expected  from  the  roll-mcde  and  spiral-mode  poles  are  small,  the  phase  shift 
will  he  primarily  a  function  of  the  rotation  of  the  sero  along  the  circle, 

Two  simple  rules  apply: 

1,  To  move  the  analog  trace  to  the  right  requires  a  clockwise 
rotation  of  the  sero  around  the  pole, 

2.  To  move  the  analog  trace  to  the  left  requires  a  counterclockwise 
rotation  of  the  sero  around  the  poTe. 

This  characteristic  can  also  be  seen  from  Figure  2  of  the  discussion  for 
.3.3.2.  2. 

The  ungle  of  rotation  can  be  closely  approximated  by  measuring  the 
distance  the  trace  has  to  be  shifted  in  degrees.  This  is  found  by  dividing 

the  distance  in  time  by  the  period  of  the  trace  and  multiplying  by  "“SO  dogrees. 
f 
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Thu  step  should  have  the  two  traces  prettv  well  matched.  The  example 
would  now  eppexi*  as  shown  he lows 


Small  adjustments  can  now  he  made  In  **  and  r*  to  get  the  analog 
solution  to  match  the  flight  record  aa  closely  aa  poaaihle. 

Some  general  vulea  that  can  he  followed  are  those,- 

1.  Increaaing  r<  (decreaalng  f-  )  will  cauae  the  initial  alope  of 
the  trace  to  become  leaa  steep  and  will  move  the  phase  slightly 
to  the  right. 

2.  For  a  stable  spiral  root,  decreasing  ej  (increasing  y-  )  will 
lower  the  latter  portion  of  the  analog  trace  and  have  little 
effect  on  the  phase. 

3.  For  an  unstable  spiral  root,  decreasing  Ks  (Increasing -f’-  ) 
will  raise  the  latter  portion  of  the  analog  trace  and  have 
little  effect  on  the  phase. 

4.  The  converse  of  the  above  three  rules  is  true, 

Planning 

A  little  advance  planning  can  be  a  big  help  and  can  greatly  increase 
the  accuracy  that  can  be  obtained  by  the  use  of  the  analog  computer  matching 
technique. 

In  the  example  presented,  it  was  assumed  that  *4  was  unknown  and  that 
the  only  trace  available  was  the  one  to  be  matched.  Although  the  accuracy  here 
is  good,  movement  of  the  roll-mode  root  and  movement  of  the  numerator  zero 
both  cause  a  change  in  the  phase  of  the  trace.  Therefore,  the  match  is  some- 
whet  of  a  compromise  between  tho  positions  of  these  two  factors.  This  is 
especially  true  when  the  numerator  zero  is  located  above  and  to  the  left  of 
the  pole.  In  this  case,  the  magnitude  of  the  Dutch  roll  is  usually  large  and 
tends  to  cancel  the  effect  of  the  roll  mode,  making  the  matching  problem  more 
difficult. 
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Thu  problem  can  be  avoided  to  a  large  extent  If  a  eerie*  of  record* 
can  be  taken,  one  of  which  contain*  the  deaired  configuration  and  another  with 
the  same  denominator  characteristics,  but  with  the  numerator  characterlat ic* 
varied  until  the  >ero  I*  located  aa  dose  a*  possible  to  the  butch  roll  pole. 

A*  indicated,  thin  will  give  minimum  Dutch  roll  excitation  and  allow  an  accurate 
determination  of  both  the  roll  mode  pole  and  the  spiral  mode  pole.  Combination 
aileron  and  rudder  input*,  or  perhap*  ,)u«t  rudder,  might  be  u»ed, 

These  denominator  value*  should  then  bo  fixed,  and  an  effort  made  to 
match  the  desired  trace  varying  only  the  poattlon  of  the  numerator  sero. 

If  possible,  the  series  of  records  obtained  in  flight  should  include  a 
rudder  doublet,  the  desired  trace  and  a  trace  with  minimum  Dutch  roll  excita¬ 
tion.  This  allows  an  accurate  determination  of  hath  the  denominator  and 
numerator  characteristics. 

A  scaled  analog  computer  diagram  is  presented  that  will  he  useful 
within  the  following  limits 


With  one  additional 

plotter  can  be  changed  to  compensate  for  changes  that  may  occur  in  the  time 
scale  of  the  oscillograph  records  to  be  matched. 

Theory 

For  a  step  input,  the  Laplace  transform  of  is  obtained  by 

multiplying  the  (s)  transfer  function, 

f  (s )  *  f  s  (&  *  *  *  ) 

3  (s- *s)cs *&*>*/+*>£) 


by  the  Laplace  transform  of  a  unit  step,  t/j  . 


(see  Figure  9): 

r%  *  ko 
Kf  ■*  °'f 

«jm ,  *  y/72 

V 

.*.£  <♦.*  *  t 
r  j  o / 


integrator  and  a  pot,  the  x  scale  of  the  x-y 
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The  expression  for  the  -£■  time  history  can  he  writton  us: 

*  I  srst* 

t<  «  >\ »****♦  K  n  flV^  a  {Vh^S*-  itf*'  t  t 


A  pole-Kero  plot  for  u  normal  airplane  would  be: 


Of  intorest  here  are  the  magnitude  and  phase  of  the  Dutch  roll  mode. 

As  shown  in  Reference  G10,  the  magnitude  of  the  constant  X  associated  with  any 
sinusoidal  component  is  twice  the  product  of  the  lengths  of  the  numerator 
vectors  divided  by  the  lengths  of  the  denominator  vectors  drawn  to  a  root  of 
thut  factor: 


*  I  j»,  II  *. 

"Wl'ii!*, 


The  associated  phase  angle  for  a  cosine  representation,  as  above,  is 
the  sum  of  the  angles  of  all  the  numerator  vectors  minus  the  sum  of  the  angles 
of  all  the  denominator  vectors  drawn  to  that  pole: 

V  v 


i 
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*  1*11*11*1  \tM\  %. 

^  <£ 


From  this  expression  and  illustration  it  can  be  seen  that  the  magnitude 
of  the  Dutch  roll  residue  (X4)  is  primarily  a  function  of  the  separation  of 
the  numerator  zeros  from  the  denominator  Dutch  roll  roots.,  Also,  once  the 
zero  is  separated  from  the  pole,  a  small  change  in  the  roll-mode  root  location 
does  have  a  small  effect  on  the  magnitude  of  H4  .  Generally  the  spiral-mode 
pole  is  negligibly  distant  from  the  origin. 
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From  the  preceding  diagram,  It  is  easily  seen  that  the  major  contri¬ 
bution  to  the  phase  angle  will  come  from  the  rotation  of  the  zero  around  the 
pole.  It  car.  also  bo  seen  that  a  movement  of  the  roll-mode  pole  will  cause 
some  change  in  the  phase  angle. 
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VC.  SIGNIFICANCE  OF  THE  PHASE  ANGLES  y^ANDfl^//r  AND  THE  RATIO  \t/ft  \e£ 


General  Cons i derat  Lons 

The  discussions  of  roll-sideslip  coupling  (3.3.2  and  subsidiary 
paragraphs)  make  extensive  use  of  the  phase  angles  and 4 p/fl . 

First,  the  tolerable  amount  of  coupling  was  found  to  be  a  function  of  , 
the  s-plane  phase  angle  between  the  numerator  and  denominator  oscillatory 
roots  of  tb.Q  f  /  <fa.  transfer  function.  Next  “tp  (the  phase  of  the  roll-rate 
time  response  to  a  step  aileron  input)  was  investigated  as  a  measure  of  1^) 

But  it  was  found  that  (the  phase  of  the  sideslip  time  response  to  a  step 
aileron  input)  was  a  better  measure  of  .  Now,  ffa  is  related  to  through 
*p//i  .  Reference  A1  also  uses  4  p//&  as  a  discriminator  of  positive  or  negative 
dihedral,  shifting  the  lh»  scale  180°  as  dihedral  goes  from  positive  to  negative. 
In  Reference  Al,  para.  sTs. 1.1,  WAd  is  a  factor  in  determining  the  minimum 
allowable  damping  factor  4  The  purpose  of  this  appendix  is  to  derive  and 

illustrate  the  use  of  these  parameters. 


Consider  first  a  set  of  lateral-directional  linearized,  small -perturbation 
equations  of  motion,  written  in  terms  of  primed  stability  derivatives  (that 
include  product-of-inertia  effects)  referenced  to  body  axes  with  the  x  axis 
initially  aligned  with  the  relative  wind  in  straight-and- level  flight.  Yfi  , 

Yr  ,  Yj  and  Yg  will  be  assumed  zero,  and  />(*)  will  be  taken  to  be/(0 

[  ^(s)  *  ]. 

(-•**/>)*  ~r  + 

( 1) 

(‘‘-'/0  s*  lA  )A  -fa*-  ~  lSc/a'  > 

(A/jS+  A <4 

_ 

Input-Dependent  Parameters 


For  a  step  input,  <^(>0  =  aa/  s  with  aa  a  constant.  From  these 
equations  we  find  (e.g..  Reference  B73)  the  response  functions 

pm)  I  ,  /£>  _  (s**  *>}) _ a  dff® 

I 


STEP 


4^ 


(s  *  >/z5)  (s  +  f/rR)(s*+  2  4 


ACS) 


(2) 


STEP 


L  t(3)  **  '/-W  *  +( i/rgj'/rgj^  s^fcs) 

S  4  »)  '  s(s  +  //^ )(s*  W 


(3) 
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and  time  responses 
+>(t)  I 


a.  I  ST£P 


-  */rs  -  */r-  -  &  t 


‘"(•“H,  •rr£tf  *>>) 


Alii  =  <?  v  £,  e 


*  c  **'r*  *  s..-***"/ 


a.  I  J’r^/o 


V>  ^ 


^e"  d  nd  cos(u  (5) 


where,  for  example. 


^  ■  *1  f" (6) 

V  ♦{vw-  * 

(k  "  4|  (■"  4  "v  V  “H*  *At  a,/Aa>\  a- •!>-■•£  (7) 

*  -  <w -  4  [^yTjr  *  £ «4 -*<*>„  7/-  £*'')] [•  „  , — - 

^  L  /f  d  *d  9 

The  modal  response  coefficients  (  K's,  C's,  ^  and  ^  )  can  also  be 
evaluated  graphically,  from  residues  of  the  poles  and  zeros  plotted  in  the 
*$  plane.  For  example,  consider  the  pole-zero  plot  of  the  above  f rs>  J  gTgp 

response  function,  Sketch  1.  The  residues  are  evaluated  as  in  Appendix  VB. 
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SKETCH  1:  POLE-ZERO  PLOT  OF  f{s)/&A  |  STEp 


(-  2  •  f-  MV2 

%)  -(-tyNj-C-tyfoy 

c-^(yj  • 

where  (  )  (  )  denotes  the 
scaled  distance  between  the 
two  points. 

,  Uah- 

u, j 

-  fi  *tt  -tj-tf-K 
*  *t  '  *3  ~  SinCe  V*  *  *S 


When,  as  usual,  \,/rs\<<  .  the  further  approximation  holds: 

tp  *  *,  -  &  ~  iS'  •***'  & 

The  relation  of  the  oscillatory  pole-zero  pair  determines  ^  : 

(-at)*./  -  44 


**+*■* 

"a 


z*4  *4-  z*d,u>*d  *  (*f~  f)  *  ^  Lr 

r*  » 


2 

(See,  for  example.  Reference  B73.)  Notice  that  both  )  and 

a  depend  directly  upon  ^  .  Thus  there  will  not  be  significant 

Dutch-roll  motion  in  roll  for  aileron  inputs  if  2^  is  very  small.  Also, 
negative  dihedral  (positive  1a  )  tends  to  shift  both  ¥}  and  ¥2  (but  not  , 
as  will  be  shown)  by  about  180°,  thereby  reversing  the  roll-sideslip  coupling 
effects  from  those  encountered  with  positive  dihedral. 

The  discussion  of  3. 3. 2. 2  shows  that  the  tolerable  level  of  f  osc  I ■pAy 
depends  on  .  It  is  apparent  that  the  large  possible  variations  in 
i/Tp  lead  to  imprecision  of  fp  as  an  indicator  of  ¥ri  .  It  will  be  found 
that  ^  is  a  better  measure.  To  determine  ¥^  ,  a  pole- zero  plot  can  be 
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drawn  for  /3 (3) /  Aa  j  gTEp  *  similar  to  the  plot  of  p  ($)/ j STEP  in  S1^etch  1; 
but  in  this  appendix  another  approach  is  taken. 

The  Modal  Parameters  and 

The  parameter  ^  =  \f>///S\j  e*  '  ^  is  a  modal 

characteristic,  like  ^  and *  That  is,  the  roll-sideslip  amplitude  ratio 
and  phase  difference  of  the  Dutch- roll  components  of  the  motion  are  completely 
independent  of  the  input  (see,  for  example,  Reference  F29) .  A  general 
solution  for  p/p\^  ,  valid  for  any  input,  can  be  derived  from  the  equations 
of  motion  for  a  pure  yawing-moment  input: 


JL\ 

*  U 


-  3  r  '  s  ~  (*/3  *  ^6  *rjj 


SZ- J.'pS  -  3- 


1  -jZ'j 


(10) 


This  p /fl\±  response  function  is  sketched  below  in  the  s  plane,  evaluated  at 
the  Dutch-roll  root  s  =  -  ^  a)^  *  J f-gj : 


\t'A/ 


“Vy  Ji’kj  ~ 


V  'u)+  “ 


* 


Ait 
A  A 


*  A  -•  A  + '*>' 


on 


(The  180°  is  required  because  of  toe  negative  gain  in  Equation  10,  assuming 
positive  *r~*4  •)  in  the  sketch,  positive  dihedral  [negative  (Ia  +  *r)  \ 

has  also  been  assumed.  The  approximation  for  4  p/a  holds  when,  as  usual, 
t/Tj  «  0  and  I jt'r/Mp\  *<■!  . 


i\d 


From  Equation  10  and  its  development  can  be  found 

w -a; 'Vr)j 


J  « 


*v 


r> 


02) 


(Lr~lA^  ***4  *  X(l'r>-J-/i)0'A+  +(lA  4  £  1  »>) 


\<i 


or 


1 

Lr(s  ~ 

4 

f 

Sm~KitJnd t  *W*d  Z'-? 


/'  \« 


^df-W 


.  .  '  L.si  -yv-fdf  a  L  v  /  J 

Additional  approximations  can  be  found  in  Reference  Bll.  The  simplest  form, 
generally  not  very  accurate,  is 


The  parameter  \f/Ji\  4  is  one  factor  in  determining  the  required 
damping  factor  s.  (3. 3. 1.1).  From  flight  or  simulator  time  histories, 
If/flj  can  be  determined  simply  (Sketch  3).  Draw  the  envelopes  of  the 
Dutch-roll  oscillations  in  /  and  ,4  .  Then  at  any  instant  sufficiently  far 
along  in  the  response  (Appendix  III),  measure  I/I  and  \/9\  .  The  ratio  is 
I///I  d  •  At  high  ^  ,  j //A\d  becomes  difficult  to  measure.  Partially 
offsetting  this  difficulty,  fortunately,  is  the  beneficial  effect  on  flying 
qualities:  sd  tends  to  smooth  the  roll  response.  If  \///t\  j  cannot  be 
determined  from  time  histories,  an  analog-matching  technique  (Appendix  VB  and 
References  B110-B112)  might  be  used  to  find  the  Dutch-roll  root  and  stability 
derivatives  needed  to  evaluate  \//jS\.  analytically. 
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SWITCH  3: 


DEFINITION 

Wo  have  aeon  that  largo  |xa|  is  necosaary  to  oxcito  tho  Dutch  roil  in 
roil  to  a  great  degree  with  tho  aileron.  It  is  apparent  fro*  liquation  10  and 
Sketch  2  that  large  \tj\  will  alao  give  Urge \f/A\d  *nd  f^L  »  »o  that  the 
roll  response  will  exhibit  much  of  the  Dutch-roll  motion;  while  small  |x^|  will 
tend  to  minimise  #  For  roll-sideslip  coupling  effects,  then,  interest 

is  in  moderate-to- large  Ujl .  (The  limitations  on  this  qualitative  discussion 
will  ho  found  l>y  analysing  cases.)  Therefore,  for  conditions  of  interest, 
ll4  *  *rl*  l*/»l  is  much  larger  than|X^-X^|s  \*'r\  ,  which  is  usually  small. 

As  a  result,  tho  sero  at  f  *(*  *  +  ?**$ /(d'r'**j)  will  be  large,  so  that,  depending 
on  the  signs  of  and  x^,  ,  ^  will  approach  0  or  180*. 

,  For  positive  dihedral  (negative  ),  if  / ‘r  is  positive,  *  0  j  if 

is  negative,  "  180*,  but  180*  must  be  subtracted  from  the  expression  for 
*  f>/A  (right  side  of  Equation  11)  because  tho  gain  of  g  (Equation  10)  is 
no  longer  negative.  Thus,  for  positive  dihedral  and  small  Xrof  either  sign. 


♦/«  *1 


(13) 


Similarly,  for  negative  dihedral  (positive  x'r/x'  * /'  ),  regardless  of  tho 
sign  of  small  x^-xj-  m  i'r  ,  *  *  * 

*  f  *  *r  ^  (14) 


Now,  if -x^  is  large,  ty  approaches  sero;  while  if-Xl  is  small,  fy  *  90°. 
These  arguments  allow  a  graphical  presentation  of  as  a  function  of 


> 
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(lg+  *'r)  and  ,  Hkatuh  4.  Tha  cantral,  polar  plot  atijhl  l*a  Itkanad  to  a 
tiara  vactor  vHa*ra«t  of  f  ,  wlthyf  aa  a  phaaa  rafaranoa.  Tha  paripharal 
plota  illuatrata  rapraaantat Iva'tlia  Kiatorlaa  for  aalactad  valuna  of  *  ftp  . 


f  iUMJf  if  K' 


SKETCH  4:  EFFECT  OF  DIHEDRAL  AND  ROLL  DAMPING  ON  ROLL-SIDESLIP 

PHASING  IN  THE  DUTCH  ROLL  MODE 


Allowing  45*  buffer  aonea  for  cases  that  violate  our  assumptions,  we 
can  state  that: 

45*»  4 ff-  *  225*  corresponds  to  positive  dihedral 
225**4^  *  405*  ( 4 h * )  corresponds  to  negative  dihedral 
Such  discrimination  will  bo  needed  in  releting  ^e/PAY  to  * 

He  I  at i unship  of  I {g  t  o  fj 


Consider  the  Dutch- roll  component*  of  the  motion: 

*L  -  ^  ^  V  dej  f/~ 

\  srd*  { 


lit es o  motion 
time  interval 


4*1  m  Cd&  ^U*eoJ  (*nd  /^  {r  *+%) 

V  I  sr*+  *  10 

components  are  sketched  below,  with  phaao  anglea  shown  as  equivalent 


(LUO) 

Pp  -Ml 


(f  u«s/»)  ' 

•‘tlf 


(U«) 

tp  *»«• 


(UA») 


(IM) 

fp  -IM 


If  l*«4) 
”"l# 

- f>0  -«te* 


ft  -IM* 


- _ 


SKETCH  5:  TIME  HISTORY  OF  AND  />j  FOR  A  STEP  <£, 
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From  the  sketch  it  can  bo  noon  that  tho  signs  of  f *  (uu)  ti  ore  positive  if 
tho  paaka  of  and  ^4  «re  conaidarad  to  load  the  atop  input  (or  to  load 
reference  pointa  at  t  •  intogor  multiplaa  of  7^),  while  tha  aigna  aro  negative 
if  tha  paaka  of  *4  and  aro  conaidorod  to  lag  tho  atop  input,  Similarly 
it  can  be  aaon  tnat  *  f*IA  is  poaltivo  if  f  ia  conaidorod  to  lead  /A  ,  negative 
if  p  ia  conaidorod  to  lag .  A  furthar  rolationahip  that  ia  apparent  in  the 
sketch  ia 


Knowing  ft,  and  *f//f  ,  we  can  evaluate  ^  .  For  positive  dihedral, 
from  liquations  8,  13  and  IS, 

-  (H  */$  -  •  <"o*'  *r) 

Since  usually  we  find  from  Sketches  1  and  2  that  %  *  Pr  .  Then 

/,  -  *>*'  *  fo\  «***  4  /  *  **S*  (16) 

For  negative  dihedral  (positive  4,1  *  YA  ),  from  Equations  8,  14  and  IS  we 
find  similarly:  *  * 

«  *,  -  *i*'*  frio* 


-,‘JS*  <  A  £  <  VS* 

(**r*<  4  £■  <  vos*) 


(These  expressions  are,  of  course,  modulo  360*),  In  the  preceding  section  of 
this  appendix  we  have  established  +  P//S  as  a  discriminator  of  positive  and 
negative  dihedral.  Thus,  knowing  and  4  ff/a  ,  we  can  estimate  ,  Both 
£  and  \p/p  can  be  measured  from  flight-test  and  simulator  records. 

It  was  shown  previously  that  a  change  from  positive  to  negative 
dihedral  shifts  ?.  by  about  180°.  But,  from  Equations  16  and  17,  would 
be  the  same  for  trie  two  cases.  This  conclusion  verifies  the  need  for  two 
solo,  for  . 

Verification 


Since  the  analysis  was  based  on  several  assumptions  and  used  several 
approximations,  a  rough  error  analysis  was  performed  to  determine  the  validity 
of  this  relationship  when  individual  assumptions  were  violated.  The  most  sig¬ 
nificant  parameter  in  these  assumptions  is  l'r  .  If  i-'r  is  small,  the  errors 
introduced  by  the  individual  assumptions  w(ll  be  small.  If  l'r  is  large,  how¬ 
ever,  the  errors  introduced  by  the  individual  assumptions  may  no  longer  be 
small.  The  error  analysis  showed  that  in  general,  as  the  errors  introduced 
by  individual  assumptions  become  appreciable,  the  signs  of  the  individual  errors 
were  such  that  they  tended  to  cancel  one  another. 


The  Reference  C2  date  show  that,  for  the  case  where  the  |  Tl*  response 
ratio  is  so  low  that  degradation  in  flying  qualities  would  be  expected  to  arise 
from  sideslip  problems  rather  than  from  roll  oscillations,  ft*  is  out  by  40  . 
This  represents  a  very  extreme  case,  outside  the  limits  in  wnich  the 
criteria  need  apply  or  should  be  expected  to  apply. 


(ft  ~  DEO 


Figure  2  (APPENDIX  IC) 

RELATIONSHIP  BETWEEN  AND  ft  FOR  THE  DATA  OF  REFERENCE  F22 


Finally,  the  characteristics  for  a  number  of  existing  airplanes  are 
plotted  in  Figure  3.  It  can  be  seen  that  Equations  16  and  17  are  good  approxi¬ 
mations  of  the  relationship  between  fA  and  ft  for  existing  operational 
aircraft. 
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Figure  3  (APPENDIX  IC) 

RELATIONSHIP  BETWEEN  fc  AND  r  FOR  SOME  EXISTING  AIRPLANES 


In  conclusion,  although  it  has  not  been  proved  rigorously,  it  seems 
evident  that  in  general  when  //*/  is  so  large  that  roll-sideslip  coupling 
can  lead  to  bank-angle  tracking  problems ,  fy  rather  uniquely  defines  the 
relative  position  of  the  ^/<Ct  transfer- function  zero  with  respect  to  the 
Dutch-roll  pole.  In  fact,  from  examination  of  a  wide  variety  of  data  (mostly 
for  negative  )  it  appears  that  this  relationship  holds  even  for  relatively 
small  1 2 ^  j  .  This  implies  that,  even  though  (l#  -  Y*  may  range 

from  very  large  values  (where  t6  *0  )  to  smaller  values  (where  may  be  quite 
large),  a  given  phase  angle  of  the  Dutch  roll  in  sideslip  relatively  uniquely 
describes  the  trend  of  pilots’  closed- loop  tracking  problems.  In  other  words, 
^  is  a  good  measure  of  ;  and  for  a  given  ,  a  pilot's  aileron  inputs 

proportional  to  bank-angle  error  will  have  the  same  type  of  effect  on  the 
tolerable  level  of  Pose/?*?  even  though  ^  ranges  from  large  negative  to 
fairly  small  negative  values.  (For  zero  there  is  little  or  no  effect, 
since  then  jfj  *  ^  and  ,  so  roll  control  does  not  excite  the  Dutch  roll 

in  the  roll  response;  the  sideslip  response  is  another  story.) 

Relationship  Between  fa  and  Rudder  Pedal  Coordination  Characteristics 

As  well  as  reflecting  lateral-directional  closed-loop  stability 
characteristics  of  an  airplane,  fa  also  reflects  the  difficulty  a  pilot  will 
experience  in  attempting  to  coordinate  a  turn  entry.  Consider  Sketches  6 
through  9,  which  present  sideslip  and  roll  rate  time  histories  following  an 
abrupt  aileron  input  for  several  values  of  the  coupling  parameters 
and  -  ,/y] 


VAS 


Sketch  6  shows  the  response  for  adverse  yaw-due-to-aileron  ( AS 
negative)  and  Sketch  8  shows  the  response  when  the  yaw-due-to-roll  rate  para¬ 
meter  [/V^  -  is  in  the  adverse  sense  (py^- $•]  negative) .  Analysis  of  pilot 
comments  associated  with  these  characteristics  reveals  that,  even  though 
fairly  large  sideslip  angles  build  up  for  rudder-pedal-free  turn  entries, 
pilots  are  able  to  coordinate  with  rudder  pedals  quite  well.  The  fa  associ¬ 
ated  with  the  phasing  of  these  adverse  yawing  moments  is  approximately 
-180° *  fa *  -270°.  Examination  of  the  sideslip  response  from  Sketches  6  and  8 
indicate  that  in  order  to  coordinate  airplanes  with  these  characteristics, 
rudder  inputs  would  have  to  be  in  the  same  sense  as  the  aileron  input  and  would 
have  ,to  be  phased  with,  or  slightly  lag,  the  aileron  inputs.  This,  apparently, 
pilots  find  natural. 

Sketch  7  shows  the  response  for  proverse  yaw-due-to-aileron  (.A/r 
positive)  and  Sketch  9  shows  the  response  when  the  yaw-due-to-roll-rate  para¬ 
meter,  fy] ,  is  in  the  proverse  sense  ([4^-^J  positive).  Analysis  of  pilot 

comments  associated  with  these  characteristics  reveals  that  coordination 
during  turn  entries  is  so  difficult  that  pilots  either  do  not  attempt  to 
coordinate  or,  if  they  do,  often  aggravate  the  situation.  The  fa  associated 
with  the  phasing  of  these  proverse  yawing  moments  is  approximately  0°£  -90°. 

Examination  of  the  sideslip  response  for  Sketches  7  and  9  indicates  that,  in 
order  to  coordinate  airplanes  with  these  characteristics,  rudder  inputs  would 
have  to  be  in  the  opposite  sense  to  aileron  inputs;  in  other  words,  the  pilot 
would  have  to  cross  control.  Pilots  find  this  most  unnatural. 
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(®)  4>Mas  transfer  FUNCTION  FACTORS 
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Sketch  8  (a)  ^TRANSFER  FUNCTION  FACTORS 

(b)  TIME  HISTORY  RESPONSES  OF  AND  J5  FOR 
6a s  STEP  INPUT,  ADVERSE 


PROVERSE 


Sketch  9  (a)  TRANSFER  FUNCTION  FACTORS 

(b)  TIME  HISTORY  RESPONSES  OF  p  AND  A 
FOR  6as  STEP  INPUT,  ~  PROVERSE 


For  airplanes  exhibiting  yaw-due-to  aileron  in  one  direction  and  yaw- 
due-to  the  roll  rate  parameter  3  in  the  other,  rudder  coordination  ranges 

from  relatively  easy  to  extremely  difficult  depending  on  the  magnitude  and 
sense  of  the  yawing  moments.  For  proverse  adverse  typ-  £]  ,  ^  is 

approximately  in  the  range  -270° -  &  i -360° ;  and  for  adverse  and  proverse 

\a/'p -  y\  >  fg  is  approximately  in  tne  range  of  180°  .  4S 

Comments  on  the  ^  Requirements 

From  the  previous  discussions  it  can  be  seen  that  the  parameter  fa 
describes  such  seemingly  diverse  and  nebulous  factors  as  closed-loop  stability 
characteristics  that  are  related  to  lateral- directional  coupling  derivatives 
and  the  ability  of  a  pilot  to  coordinate  turn  entries  with  rudder  pedals. 
Moreover,  for  an  airplane  with  positive  dihedral,  it  seems  that  the  range  of 
for  which  the  closed-loop  stability  characteristics  (rudder  pedals  free) 
are  favorable,  is  also  the  range  in  which  rudder  pedal  coordination  can  be 
readily  effected.  Conversely,  the  range  of  ^  for  which  the  closed-loop 
stability  characteristics  are  unfavorable  coincides  with  the  range  of  fa 
in  which  rudder  pedal  coordination  is  difficult.  " 

For  airplanes  with  negative  dihedral,  the  relationship  between  and 
rudder  coordination  characteristics  is  the  same  as  for  positive  dihedral,  but 
the  relationship  between  j ^  and  the  closed- loop  stability  characteristics 
shifts  by  180°.  Since  there  are  almost  no  data  relating  to  negative  dihedral, 
and  since  for  strong  negative  dihedral  the  closed- loop  stability  characteristics 
were  considered  to  be  of  paramount  importance  in  roll,  was  shifted  by 
180°  in  the  roll  rate  and  bank  angle  oscillation  requirements  for  negative 
dihedral.  Although  this  clearly  does  not  take  into  account  coordination 
characteristics  or  other  effects  that  may  be  peculiar  to  negative  dihedral, 
it  does  address  the  problem  and  should  not  have  to  be  applied  often.  Since 
for  the  sideslip  requirements  rudder  coordination  considerations  predominate, 
a  single  if'^  scale  is  applicable  for  both  positive  and  negative  dihedral. 
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(FROM  REFERENCES  PI  -  P52)  NOTES  ON  ROLL  PERFORMANCE  OF  CURRENT 
AIRPLANES  AND  ADEQUACY  OF  MIL-F-878S  AND  REFERENCE  Al  REQUIREMENTS 


Class  1 


L-28A  -  SUPER  COURIER 


"Lateral  control  was  satisfactory  during  normal  landing  approaches, 
bad  during  approaches  at  speeds  below  40  knots  IAS,  and  in  gusty  wind 
conditions,  lateral  control  was  inadequate,  particularly  during  flaro  and 
touchdown . ” 

L-23D 


"handling  characteristics  are  satisfactory" 
L-27A  (b-3) 

"roll  rates  are  adequate" 


Class  II 


JET  COMMANDER  -  MODEL  1121 


"These  figures  show  that  th?  roll  capabilities  did  not  comply  with 
MI t- F- 8785 (ASG)  specification  except  in  cruise  configuration  at  high  altitude. 
This  is  very  misleading  since  both  the  roll  capability  and  response  were  more 
than  adequate  for  this  type  of  aircraft," 

Did  not  meet  MIL-F-878S  but  would  meet  Reference  Al,  Bj  and  C'i  require¬ 
ments  if  2^  *  .5-. 7,  so  strongly  supports  Reference  Al. 

LEAR  JET  -  MODEL  23 


"...the  roll  capability  did  not  comply  with  MIL-F-878S(ASG)  specifica¬ 
tion.  This  is  very  misleading  since  both  the  roll  rate  capability  and  response 
were  greater  than  necessary  for  this  type  of  aircraft." 

Did  not  meet  MIL-F-8785  requirements  but  exceeds  Reference  Al,  Bj 
(almost  meets  Aj)  and  Cj  requirements,  so  strongly  supports  Reference  Al. 


MciXlNNIU.l.  MJ1HU.  Ul»A 

Airplane  meet*  MU.*F-li7R,S  Mini  Reference  Al  requirement*  for  coordinated 
roll*  with  spoiler*  hot  doe*  out  meet  them  without  spoiler*,  Report  *t*tes 
roll  pel formance  wax  excellent  with  spoiler*  hut  unsatisfactory  without:  there 
fore  aupport*  Reference  Al. 

IJO-JR  Maximum  Weight  .1400  lb.,  maximum  g  •  .l.nn 

Doe*  not  tpiite  meat  Mll.-P-R/MR  Class  I  requirement*  or  Reference  Al 
Cj  requirement:,  yet  stated,  "lateral  control  at  low  speed  was  excellent,  there 
being  at  leant  20  degree*  of  roll  per  second  in  the  landing  configuration  at 
.11'  knot*," 

Shew*  that  more  work  required  for  small  and  low  speed  aircraft. 

Support*  Reference  Al  if  this  twin  engine  airplane  considered  as  Class  11. 

NORATLAS 

Did  not  meet  MI U- F- 8785  requirement  hut  was  considered  acceptable, 

Just  met  Reference  Al  Clasa  11  Cj  requirements.  Report  recommended  increased 
aileron  effectiveness  to  »  0,07  or  IS  degrees/second.  Tills  aircraft  would 
seem  to  fit  Reference  Al  Class  III  requirement  better  than  Claas  II.  There¬ 
fore,  Class  II  requirements  perhaps  s  little  stringent  for  large  Class  11 
airplanes, 

VAC- 1  Dll- CARIBOU 

liven  though  M1L-F-8785  requirements  almost  met  at  low  speeds,  the 
latoral  control  was  judged  to  be  inadequate.  Iliis  clearly  shows  the  -fy  require¬ 
ments  to  be  Inadequate,  Roll  performance  lies  just  above  Reference  Al  control¬ 
lability  boundary  for  Class  11  so  checks  with  comments.  Therefore  supports 
Reference  Al  controllability  boundary. 

CL- 320  -  JETSTAR 

Does  not  meet  MIL-F-8785  in  cruise  or  PA,  yet  rolling  performance  is 
ruted  excellent.  Exceeds  Reference  Al  C|  requirement  and  meets  A}  requirement. 
Therefore  strongly  support  Reference  Al. 

C-  140  -  JETSTAR 

Roll  rate  adequate  yet  does  not  meet  MIL- P-8785. 

YC-134 

Low  load  factor,  62,000  lb.  aircraft.  Meets  MIL-F-878S  yet  would  not 
meet  Reference  Al  Class  II  Bj  or  C\  requirements.  Do  not  know  how  roll 
performance  was.  Therefore,  inconclusive  but  maybe  should  be  Class  III. 


TC-IM8 


t 

t 


Adequate  roll  rates  though  force*  heavy. 

0-1 1 311  54,000  lb. 

Moot*  MI  I.*  I'  8785  requirement*  and  ratad  satisfactory .  Pits 
Roferanc*  A1  Class  It  I  requiremant*  better  than  Class  II. 

1-661  Dill |n  T.O.  Maight  -  7A.000  lb. 

Report  states  thav  roll  rataa  ara  excellent  and  that  the  lateral 
control  characteristic*  are  far  superior  at  all  weight*  ano  airspeed*  to  any 
other  operational  bomber. 

M1L-F-878S  -fp  requirements  are  just  met  over  the  entire  speed  range. 

bxceeda  Reference  A1  Cj  requirement  and  almost  meets  Reference  A1 
Ai  requirement, 

Thus,  strongly  supports  Reference  Al, 

B-S7A 

bow  roll  rates  seriously  pen*tiie  the  maneuverability.  Did  not  meet 
Ml L-F-8785  and  would  probably  not  swot  Reference  Al  B2  requirements.  Falls  «► 
between  Q\  and  C2  in  PA,  but  does  not  comment, 

Therefore  supports  revision. 

Class  III 


C- 1 35 B 


Roll  capability  adequate.  Mould  just  meet  Reference  Al  C*  requirement 
if  ■  1,4  second.  Therefore  supports  Reference  Al, 

C-141A 

MIL- F- 8785  requirements  not  met  in  cruise  or  PA.  Seems  to  have 

marginal  roll  performance  and  unacceptable  below  150  knots.  Recommended 
minimum  acceptable  limits  check  with  Reference  Ai  B2  and  C2  requirements. 
Therefore  supports  Reference  Al. 

C-1J3A 


Meets  MIL-F-8785.  Probably  falls  between  Reference  Al  Level  1  and  2 
requirements.  Has  adequate  roll  performance. 

Therefore  supports  Reference  Al. 
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INUOA 

<ie»e  rally  met  M1I.F  878S  ami  Reference  A1  C-  m»  III  Hj  and  Cj  to  (' j» 
requirement*,  Doom  not  moot  (Mas*  II  requirement*.  Therefore,  this  aircraft 
belong*  in  CIkm  III  if  it*  roll  performance  It  won* I  dared  tat lafactory .  To 
meet  (,'laat  II  requirement*,  its  roll  performance  would  have  to  he  significantly 
increased. 


tM.VHi 

Mil.- F-8785  requirement  generally  met.  Seem*  to  only  meet  Reference 
A 1  hevel  2  requirement*  for  (Mata  111,  Don't  know  how  roll  performance  la 
rated, 


YB-58A 

Seem*  to  meet  Reference  A1  Bj  and  exceed  the  C}  requirements ,  Pell 
well  below  MU- P-8785  requirements.  Lateral  control  it  rated  satisfactory  so 
support*  Referent."  A1 . 

B-S3H 


Doe*  not  meet.  MIL- P-8785  or  Reference  A1  requirements  but  was  considered 
adoquate,  Reference  A\  Bj  requirements  not  even  met  under  certain  flight 
conditions.  Therefore  generally  supports  revision  but  suggest  for  very  large 
aircraft  requirements  could  be  a  bit  stringent. 

In  PA,  roll  performance  is  not  adequate  and  probably  would  not  meet 
Reference  A1  C2  requirement,  yet  MIL-F-8785  {y  requirements  are  almost  met. 
Therefore  supports  Reference  A1  Flight  Category  C  requirements. 

YDB-47L 

Seems  to  meet  Reference  A1  Cj  requirements.  Considered  adequate,  so 
supports  Reference  Al. 


Class  IV 


I 

f 


F-105D 


Restricted  to  80  degrees/socond  with  pylons  yet  was  considered  satis¬ 
factory.  Would  meet  Bj  requirement  if  •  .7  second.  Probably  is  in  this 
range  at  attack  speed.  Therefore  supports  Reference  Al. 

F-106A 


Does  not  meet  MIL-F-8785  ■  1  second  requirement  but  roll  capabili¬ 

ties  are  considered  satisfactory.  Roll  performance  falls  between  A|  and  Bj 
requirements  so  supports  Reference  Al . 
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TF-102A 


Does  not  moot  MI l.- If- 87«S  except  in  PA  hut  considered  adequate  for 
mission.  Mssts  Reference  A1  PA  snd  up-and-away  requirements.  Therefore 
supports  Reference  Ai. 

YAT-2BB 


Generally  acceptable  although  doss  not  meet  MIL-F-8785  or  Reference  Al 
rsquirsmsnts  everywhere. 

0V-10A 


Poor  roll  performance.  Did  not  meet  MI L- F- 878S  or  Reference  Al 
requirements.  Reference  Al  Class  I  or  II  requirements  look  shout  right,  hut 
Class  IV  requirements  may  be  too  stringent.  It  did  not  even  meet  Class  II 
requirements.  Probably  Class  I  requirements  would  be  appropriate  for  this 
type  of  airplane. 

P-1 OOP 

In  PA  £p".OJ  and  fjg  m  1  second.  So  did  not  meet  MIL-F-8785  require¬ 
ments  but  meets  Reference  Al  <#*  requirement.  No  adverse  comments  on  roll 
performance  so  assume  it  was  acceptable.  Therefore  supports  Reference  Al. 

Met  both  MIL-F-8785  and  Reference  Al  requirements  in  cruise  (Af«  .85). 

F-104B 


varied  from  1.0  to  1.7  seconds  at  speeds  from  At  •  .7  to  1.8. 
Therefore  did  not  meet  MIL-F-8785  but  met  Reference  Al  Bi  requirement.  Roll 
performance  was  rated  satisfactory.  Therefore  supports  Reference  Al. 

F-86H 


4**  1.5  seconds  at  310  kts.  Poes  not  meet  MIL-F-8785  but  lies 
between  Reference  Al  A1  and  Bj  requirement.  Was  rated  satisfactory.  Therefore 
supports  Reference  Al. 

F-4C 


Does  not  quite  meet  MIL-F-8785  or  Reference  Al  requirements  everywhere  - 
primarily  high  supersonic.  Rated  acceptable  in  cruise.  In  PA  did  not  meet 
MIL-F-8785  or  Reference  Al  requirements  at  low  end  of  speed  range  yet  rated 
satisfactory.  Come  closer  to  meeting  Reference  Al  requirement  than  MIL-F-8785 
requirement.  Therefore  supports  Reference  Al. 
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l'«5 

Dooh  not  meet  MIL-l!-8785  or  Reference  A1  requirements  nor  does  the  roll 
porformence  seem  to  be  very  good,  lies  potential  of  fitting  Reference  A1 
requirement  far  better  than  MIL-l;-8785.  Supports  Reference  A1  but  underlines 
problem  of  external  stores. 

A- 37 

With  external  stores  does  not  come  close  to  meeting  MIL-F-878S  require¬ 
ments.  Comes  much  closor  to  meeting  Reference  A1  requirements  in  3.3.4. 1.1, 
therefore  supports  Reference  Al. 
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ii.  abstract  document  is  published  in  support  of  Military  Specification  MIL-F- 

8785B,  "Flying  Qualities  of  Piloted  Airplanes. "  It  was  compiled  after  an  extensive 
literature  review  and  many  meetings  and  discussions  with  personnel  from  essenti¬ 
ally  all  concerned  civilian  and  governmental  organizations.  The  primary  purpose 
is  to  explain  the  concept  and  philosophy  underlying  MIL-F-8785B  and  to  present 
some  of  the  data  and  arguments  upon  which  the  requirements  were  based. 


A  secondary  purpose  is  to  present  what  are  believed  to  be  the  important 
governing  variables  in  the  field  of  flying  qualities  and  to  define  their  signifi¬ 
cance  and  relationship  to  each  other.  The  significance  of  such  mission-oriented 
factors  as  airplane  class,  flight  phase,  flight  condition,  loading  and  configura¬ 
tion  is  discussed,  as  is  the  treatment  of  failure  states.  The  document  should 
also,  to  a  degree,  serve  as  a  summary  of  the  state  of  the  flying  qualities  art  as 
determined  from  operational  experience,  flight  test,  experiment,  analysis  and 
theory. 
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